





















































































































































































































































































































































































































valves	 require	 a	 life-long	 anti-coagulation	 treatment	 due	 to	 the	 substantial	 risk	 of	
thromboembolisms.	 On	 the	 other	 hand,	 bioprosthetic	 valves,	 for	 example	 glutaraldehyde-treated	
porcine	valves	or	cryopreserved	human	donor	valves,	have	better	hemodynamic	characteristics	and	
patients	do	not	face	anticoagulation	therapy.	The	drawback	of	this	type	 is	 that	they	have	a	 limited	
durability	due	 to	premature	degeneration	and	calcification.	Yet	 the	main	disadvantage	of	all	 these	
currently	available	heart	valve	substitutes	is	that	they	are	non-living	structures	and	lack	the	ability	to	
grow,	repair	and	remodel	within	the	patient.	
To	 overcome	 the	 shortcomings	 of	 these	 current	 treatment	 options,	 heart	 valve	 tissue	 engineering	
approaches	have	emerged,	all	with	the	same	goal:	to	engineer	a	bio-active,	 living	autologous	heart	
valve	with	 regeneration,	 remodeling	 and	growth	potential,	which	 is	 especially	needed	 for	 younger	
patients	as	they	outgrow	valve	replacements,	resulting	in	multiple	re-operations.		
Heart	 valve	 tissue	 engineering	 is	 an	 evolving	 field	 of	 research,	 which	 faces	 several	 critical	 issues,	
including	 scaffold	 and	 cell	 selection	 as	well	 as	 appropriate	 conditions	 to	 accomplish	 repopulation.	
PART	 A	 of	 this	 thesis	 focused	 on	 the	 generation	 of	 bio-active	 cardiac	 tissues	 by	 repopulating	
xenogeneic	 tissues	 (a	 top-down	 approach).	 As	 it	 is	 known	 that	 xenogeneic	 cells	 can	 evoke	 an	
immunologic	 response	 in	 human	 recipients,	 it	 was	 important	 to	 remove	 all	 cellular	 components	
before	using	xenogeneic	 tissues	as	a	 scaffold	material.	 In	SECTION	 I	 the	efficacy	of	 cell	 removal	of	
different	 decellularization	 protocols	 (SDC	 or	 Triton	 X-100	 based	 protocols)	 and	 their	 impact	 on	
porcine	heart	valve	 leaflets	 (HVL)	and	pericardia	 (PER)	was	evaluated.	Based	on	 the	 three	minimal	
criteria	 for	 acellularity,	 it	was	 shown	 that	 decellularization	with	 Triton	X-100+ENZ+TRYP	was	more	
effective	than	with	SDC	and	resulted	in	cell	free	HVL	as	well	as	PER.	In	addition,	it	was	demonstrated	
that	the	decellularization	procedure	had	 less	 impact	on	the	extracellular	matrix	 (ECM)	components	
of	HVL	than	of	PER.	Although	glycosaminoglycans	were	 lost	and	a	small	 increase	of	 leaflet	stiffness	
was	observed,	collagen	and	elastin	fibers	were	preserved.	 In	SECTION	II,	a	static	two-stage	seeding	
protocol	 was	 used	 for	 the	 repopulation	 of	 Triton	 X-100	 decellularized	 HVL	 and	 PER.	 First,	 the	
interstitium	was	 repopulated	with	 valvular	 interstitial	 cells	 (VIC)	 or	 stem	 cells	 (BM-MSC	 or	 ADSC).	
Secondly,	endothelial	cells	(EC)	were	used	to	generate	an	endothelium	layer.	The	suitability	of	BM-
MSC,	once	cultivated	in	the	presence	of	ascorbic	acid,	and	VIC	for	the	complete	repopulation	of	the	






within	 14	 days,	 the	 interstitium	 of	 HVL	 could	 be	 recolonized	 and	 that	 it	 was	 also	 possible	 to	 co-
culture	endothelial	cells	on	the	surface	to	obtain	a	continuous	endothelium	layer.		
Although	the	last	20	years,	much	progress	has	been	made	with	the	top-down	approach,	a	bio-active	
living	 tissue	 engineered	 heart	 valve	 is	 still	 not	 developed	 and	 alternative	 approaches	 should	 be	
explored.	Such	an	alternative	approach	could	be	the	generation	of	bio-active	valvular	tissue	from	the	
bottom-up,	which	was	the	main	focus	of	PART	B	of	this	thesis.	Bottom-up	tissue	engineering	aims	to	
create	 biomimetic	 tissues	 by	 mimicking	 native	 microstructural	 functional	 tissue	 blocks	 and	 using	
these	modular	units	as	building	blocks	to	engineer	larger	tissue	constructs.	In	SECTION	I,	a	scaffold-
free	 high	 throughput	 microwell	 system	 was	 used	 for	 the	 formation	 of	 microscale	 tissue	 building	
blocks	from	VIC	in	a	low	shear	force	environment.	This	completely	cell	driven	3D	approach	generated	
high-quality	 valvular	 microtissues	 (Ø	 150µm)	 which	 resembled	 the	 native	 valve	 composition	 and	
contained	native-like	quiescent	VIC	that	were	able	to	produce	and	to	remodel	the	ECM.	Because	the	
next	step	is	to	assemble	these	microtissues	into	larger	valvular	tissue	constructs	by	3D	bioprinting,	a	
cell	 friendly	 and	 printable	 material	 was	 needed.	 Therefore,	 in	 SECTION	 II,	 modified	 gelatin	 (Gel-
MOD)	 hydrogels	 were	 evaluated	 as	 a	 microtissues-carrier	 material/bio-ink	 for	 future	 bioprinting	
applications.	 It	was	evidenced	 that	microtissues	 remained	viable	within	Gel-MOD	hydrogels	during	
the	 complete	 study	 duration.	 Moreover,	 they	 were	 still	 able	 to	 produce	 valve	 related	 ECM	
components	while	remaining	in	a	quiescent	state.	 In	addition,	a	proof	of	concept	was	given	for	the	
formation	of	 larger	 valvular	 tissues	by	 showing	 that	microtissues	were	able	 to	 randomly	 assemble	
and	to	fuse	into	larger	microtissues	(Ø	150-1400µm)	in	soft	Gel-MOD	hydrogels.		
In	 conclusion,	 the	 feasibility	 of	 generating	 bio-active	 tissues	 through	 repopulation	 of	 xenogeneic	
tissues	or	through	biofabrication	of	valvular	microtissue	from	the	bottom-up	was	demonstrated.	Yet,	
future	efforts	should	be	made	to	1)	repopulate	whole	porcine	heart	valves	with	BM-MSC	and	EC,	2)	










nog	 steeds	 door	 mechanische	 of	 bioprosthetische	 hartklepvervangingen,	 maar	 geen	 van	 hen	 zijn	
ideale	 klepvervangers.	Mechanische	 kleppen	 zijn	 duurzaam	maar	 zijn	 vervaardigd	 uit	 kunstmatige	
biomaterialen.	 Patiënten	 met	 deze	 kleppen	 hebben	 een	 levenslange	 anti-coagulatiebehandeling	
nodig	 door	 het	 aanzienlijk	 verhoogde	 risico	 op	 thrombo-embolismen.	 Anderzijds	 hebben	
bioprosthetische	kleppen,	zoals	glutaaraldehyde	gefixeerde	varkenskleppen	of	cryo-gepreserveerde	
humane	donorkleppen,	betere	hemodynamische	eigenschappen	maar	een	beperktere	duurzaamheid	
door	 vroegtijdige	 degeneratie	 en	 verkalking.	 Het	 voordeel	 is	 dat	 patiënten	met	 dit	 soort	 kleppen	
geen	anti-coagulatietherapie	vereisen.	Een	groot	nadeel	van	alle	hartklepprothesen	in	het	algemeen	
is	 dat	 het	 om	niet-levende	 structuren	 gaat,	 en	 het	 vermogen	om	 te	 groeien	 of	 te	 herstellen	 of	 te	
remodelleren	in	patiënten	ontbreekt.	
Om	 de	 tekortkomingen	 van	 deze	 huidige	 behandelingsopties	 op	 te	 lossen,	 zijn	 er	 verschillende	
methoden	van	hartklepweefsel-engineering	ontstaan,	allemaal	met	hetzelfde	doel:	een	bio-actieve,	
levende	 autologe	 hartklep	 ontwikkelen	 die	 kan	 groeien,	 zich	 kan	 herstellen	 bij	 schade	 en	 zich	 kan	
aanpassen	aan	de	behoeften	van	het	lichaam.	Dit	is	voornamelijk	van	belang	voor	jongere	patiënten	
aangezien	zij	de	klepvervangingen	ontgroeien	en	vaak	herhaalde	operaties	nodig	hebben.		
Hartklepweefsel-engineering	 is	 een	 snel	 evoluerend	 onderzoeksveld,	 dat	 verschillende	 kritische	
problemen	ondervindt,	waaronder	de	selectie	van	de	ideale	scaffold	en	cel	bron,	alsmede	passende	
omstandigheden	 om	 repopulatie	 van	 de	 scaffold	 te	 bereiken.	 DEEL	 A	 van	 dit	 proefschrift	 heeft	
betrekking	 op	 de	 generatie	 van	 bio-actieve	 cardiale	weefsels	 d.m.v.	 cel	 repopulatie	 van	 xenogene	
weefsels	 (een	 top-down	 benadering).	 Doordat	 bekend	 is	 dat	 xenogene	 cellen	 na	 transplantatie	 in	
humane	 recipiënten	 een	 immunologische	 respons	 kunnen	 uitlokken,	 is	 het	 van	 belang	 al	 deze	
cellulaire	 componenten	 te	 verwijderen	 alvorens	 xenogene	weefsels	 als	 scaffold-materiaal	 gebruikt	
kunnen	 worden.	 In	 SECTIE	 I	 werd	 de	 efficiëntie	 van	 cel	 verwijdering	 van	 verschillende	
decellularisatie-protocols	 (SDC-	 of	 Triton	 X-100-gebaseerde	 protocols)	 en	 hun	 impact	 op	 porciene	
hartklepblaadjes	(HVL)	en	pericardia	(PER)	geëvalueerd.	Op	basis	van	de	drie	minimale	criteria	voor	
acellulariteit	 bleek	 dat	 decellularisatie	 met	 Triton	 X-100+ENZ+	 TRYP	 effectiever	 was	 dan	 wanneer	




II	 werd	 een	 statisch	 tweestaps-bezaaiingsprotocol	 gebruikt	 voor	 de	 repopulatie	 van	 Triton	 X-100	





interstitiële	 cellen	 (VIC)	of	 stamcellen	 (BM-MSC	of	ADSC).	Vervolgens	werden	endotheelcellen	 (EC)	
gebruikt	 om	 een	 endotheel	 laag	 te	 genereren.	 De	 geschiktheid	 van	 BM-MSC,	 gecultiveerd	 in	 de	
aanwezigheid	van	ascorbinezuur,	en	VIC	voor	de	volledige	repopulatie	van	het	interstitium	van	HVL,	
werd	aangetoond	 in	 vitro.	 BM-MSC,	 vergeleken	met	ADSC,	 vertoonden	meer	migratiecapaciteit	 en	
repopuleerden	HVL	 efficiënter	 dan	PER	weefsel.	 In	 het	 algemeen	werd	 aangetoond	dat	 binnen	14	
dagen	 het	 interstitum	 van	HVL	 volledig	 gerepopuleerd	 kan	worden	 en	 dat	 het	 ook	mogelijk	 is	 om	
endotheliale	 cellen	 op	 het	 oppervlak	 te	 co-cultiveren	 en	 een	 confluente	 endotheliumlaag	 te	
verkrijgen.	
Hoewel	de	afgelopen	20	 jaar	veel	vooruitgang	 is	geboekt	met	de	 top-down	benadering,	 is	een	bio-
actieve	 levende	weefsel	 geëngineerde	hartklep	nog	niet	ontwikkeld	en	 is	er	nood	aan	alternatieve	
benaderingen.	DEEL	B	van	dit	proefschrift	heeft	betrekking	op	zo	een	alternatieve	aanpak	en	focuste	
op	 de	 biofabricatie	 van	 bio-actief	 klepweefsel	 van	 de	 bottom-up.	 Bottom-up	 weefselengineering	
heeft	tot	doel	biomimetische	microweefsels	te	creëren	en	deze	modulaire	eenheden	te	gebruiken	als	
bouwstenen	 om	 grotere	 weefselconstructen	 te	 biofabriceren.	 In	 SECTIE	 I	 werd	 een	 agarose-
microwell	 systeem	gebruikt	 voor	de	vorming	van	microweefsel	bouwstenen	vertrekkende	van	VIC.	
Deze	 volledig	 cel-aangestuurde	 3D-aanpak	 genereerde	 snel	 hoge	 kwaliteitsvolle	 valvulaire	
microweefsels	 (Ø	 150μm),	 die	 lijken	 op	 de	 native	 klep	 compositie	 en	 native-like	 quiescent	 VIC	
bevatten	die	in	staat	waren	om	ECM	te	produceren	en	te	remodelleren.	Aangezien	de	volgende	stap	
is	 om	 deze	 microweefsels	 te	 assembleren	 in	 grotere	 valvulaire	 weefselconstructies	 d.m.v.	 3D	
bioprinting,	 was	 er	 een	 cel	 compatibel	 en	 printbaar	 materiaal	 nodig.	 In	 SECTIE	 II	 werden	
gemodificeerde	 gelatine	 (Gel-MOD)	 hydrogels	 geëvalueerd	 als	microweefsel-carrier	materiaal	 (bio-
inkt).	Er	werd	aangetoond	dat	de	valvulaire	microweefsels	gedurende	de	volledige	studieduur	viabel	
bleven	 in	 Gel-MOD.	 Bovendien	 konden	 ze	 nog	 steeds	 hartklep	 gerelateerde	 ECM	 componenten	
produceren	 en	 hun	 quiescent	 toestand	 bleef	 ongewijzigd.	 Daarnaast	 werd	 ook	 aangetoond	 dat	
grotere	 valvulaire	 weefsels	 (Ø	 150-1400μm)	 gegenereerd	 konden	 worden	 door	 fusie	 van	
microweefsels	in	zachte	Gel-MOD	hydrogels.		
In	 het	 algemeen	 werd	 aangetoond	 dat	 de	 generatie	 van	 bio-actief	 hartklepweefsel	 kan	 bekomen	
worden	 d.m.v	 van	 repopulatie	 van	 xenogene	 hartklepblaadjes	 of	 door	 biofabricatie	 van	 valvulaire	
microweefsels.	Er	dienen	echter	nog	inspanningen	gedaan	te	worden	om	1)	een	volledige	porciene	
hartklep	te	repopuleren	met	BM-MSC	en	EC,	2)	een	grotere	valvulair	macroweefsel	te	biofabriceren	












































The	 heart	 valves	 (HV)	 play	 a	 key	 role	 in	 the	 unidirectional	 blood	 flow	 regulation	 of	 the	 body.	 The	
mitral	 and	 tricuspid	 valve	 are	 atrioventricular	 valves	 located	between	 the	 atria	 and	 the	 ventricles,	







the	 population	 in	 developed	 countries	 suffer	 from	HVD.	One	 of	 the	most	 commonly	 affected	 and	
frequently	transplanted	valves	is	the	aortic	valve	[3].	




The	 aortic	 valve	 allows	 the	 left	 ventricle	 outflow	 and	 is	 situated	 in	 the	 aortic	 root,	 which	 is	 the	
transition	 part	 from	 the	 left	 ventricle	 to	 the	 ascending	 aorta	 [1].	 The	 valve	 consists	 of	 three	
semilunar	 heart	 valve	 leaflets	 (HVL)	 and	 the	 aortic	 root	 is	 composed	of	 the	 annulus	or	 ventriculo-
aortic	junction,	the	sinotubular	junction,	the	leaflet	attachment	site,	three	sinuses	of	Valsalva,	three	
interleaflet	 triangles	 and	 three	 commissures	 (Fig.2).	 Each	 leaflet	 has	 a	 free	 edge	with	 a	 thickened	
circular	 node	 (nodule	 of	 Arantius),	 which	 provides	 the	 coaptation	 area	 to	 the	 corresponding	




annulus	or	ventriculo-aortic	 junction	of	 the	aortic	 root	 is	a	virtual	 ring	defined	by	 the	nadirs	 (basal	
attachments)	 of	 the	 leaflets.	 The	 leaflet	 attachment	 sites	 are	 U-shaped	 and	 form	 a	 crown-like	
structure	[5,	7].	The	three	commissures	are	located	at	the	apical	part	of	the	leaflet	attachment	site	
and	 are	 the	 points	 where	 two	 leaflets	 touch	 each	 other	 at	 the	 level	 of	 the	 sinotubular	 junction.	
Under	each	commissure	lies	one	of	the	three	interleaflet	triangles.	The	three	bulges	of	the	aortic	wall	





































as	 they	 shear	 and	 deform	 during	 the	 cardiac	 cycle.	 The	 LV	 contains	 elastin	 fibers	 to	 decrease	 radial	 strain.	
Yellow,	 dense	 collagen;	 black,	 elastin	 fibers;	 blue,	 soluble	 matrix	 proteins	 (GAG).	 L,	 lamina;	 F,	 fibrosa;	 S,	
spongiosa;	V,	ventricularis	(adapted	from	[10]).	
	
The	 LF	 is	 the	 stiffest	 layer	with	elastic	moduli	 ranging	 from	0.5	 to	13.02	 kPa	 [11,	 12].	 It	 is	 located	
nearest	 to	 the	 outflow,	 at	 the	 atrial	 side	 and	 is	 primarily	 composed	 of	 densely	 packed,	
circumferentially	 aligned	 collagen	 I	 fibers	 [4,	 13].	 The	 collagen	 bundles	 are	 responsible	 for	 the	
strength	and	stiffness	of	the	leaflets	by	applying	resistance	against	the	diastolic	tension	during	valve	







fibers	 [6,	 13].	 The	 abundancy	 of	 elastin	 provides	 the	 elasticity	 needed	 for	 the	 leaflets	 to	 extend,	
which	increases	the	coaptation	area	during	diastole,	and	to	contract	against	the	wall		by	pulling	the	
collagen	fibers	of	the	LF,	which	results	in	the	formation	of	corrugations	on	the	surface	of	the	leaflets	
and	 reduces	 the	 surface	 area	 during	 systole	 (Fig.	 4)	 [19,	 20].	 The	 elastic	 moduli	 of	 this	 layer	 are	
ranging	from	0.25	to	7.41	kPa	[11,	12].	
Healthy,	 normal	 valve	 leaflets	 are	 traditionally	 thought	 to	be	 avascular	 and	 the	presence	of	 blood	




can	 contain	 a	 vascular	 bed	where	 tissue	 thickness	 is	 the	 greatest	 [23].	 Leaflets	 are	 approximately	
300-700µm	 thick	 and	 thought	 to	 rely	 on	 the	 diffusion	 of	 nutrients	 and	 oxygen	 to	 support	 normal	
function.	The	presence	of	a	vasculature	suggests	that	the	metabolic	activity	of	the	leaflets	is	greater	





The	 leaflet	 behaves	 relatively	 inelastically	 in	 diastole	 (supported	 by	 the	 lamina	 fibrosa),	 and	 elastically	 in	







PG	 consist	 of	 one	 or	 more	 linear,	 negatively	 charged	 polysaccharide	 GAG	 chain(s),	 covalently	
attached	 to	 a	 serine	 residue	 of	 a	 core	 protein	 [17].	 PG	 are	 present	 in	 all	 layers	 of	 the	 leaflets,	
however,	they	are	more	concentrated	in	the	LS.	The	major	PG	in	valve	tissue	are	biglycan,	decorin,	
and	versican.	These	PG	consist	of	chondroitin	sulfate	and/or	dermatan	sulfate	GAG	side	chains	[26].	
Total	 GAG	 composition	 in	 the	 valve	 is	 approximately	 30%	 chondroitin-4-sulfate/chondroitin-6-
sulfate,	15%	dermatan	sulfate,	and	55%	hyaluronic	acid	(HA)	[27].	HA	is	the	only	GAG	that	does	not	
bind	to	a	core	protein	and	is	exclusively	non-sulfated	[28].	























outer	 surface	 of	 the	 valve	 and	 function	 as	 a	 barrier	 to	 limit	 inflammatory	 cell	 infiltration	 and	 lipid	
accumulation.	The	three	middle	layers	contain	valve	interstitial	cells	(VIC)	as	the	predominant	cell	type,	which	










on	 their	 location	 on	 the	 leaflets.	 Simmons	 et	 al.	 identified	 a	 total	 of	 584	 genes	 as	 differentially	
expressed	 in	 situ	 by	 the	 endothelium	 on	 the	 aortic	 side	 versus	 ventricular	 side	 of	 normal	 aortic	
valves.	 The	 disease-prone	 aortic	 side	 of	 the	 valve	 expressed	 significantly	 less	 inhibitors	 of	
cardiovascular	calcification	[32].		
Between	 the	 ECM	 components	 reside	VIC,	which	 are	 the	most	 abundant	 cell	 type	 in	HVL	 and	 are	
responsible	for	ECM	synthesis,	repair	and	remodeling	[14].	During	embryonic	development,	VIC	arise	
from	the	transformation	of	the	endothelial	cells	(EC)	on	the	endocardial	cushion,	which	is	known	as	
the	 endothelial-mesenchymal	 transition	 (EMT)	 [1,	 14].	 VIC	 can	 also	 origin	 from	 progenitor	 cells	
(pVIC),	which	are	present	 in	HVL,	 in	 the	blood	circulation	and	 in	bone	marrow	 (Fig.6).	pVIC	have	a	
high	 proliferative	 capacity	 which	 is	 important	 to	 repair	 the	 injured	 heart	 valve.	 However,	 the	








VIC	 play	 an	 active	 role	 in	 the	 normal	 function	 of	 the	 aortic	 valve	 and	 can	 undergo	 phenotypic	
conversions	(Fig.6).	 In	normal	heart	valve	tissue,	the	majority	of	VIC	are	 in	a	quiescent	state	(qVIC)	
and	have	 a	 fibroblast-like	phenotype,	 low	proliferation	 capacity,	minimal	 activity	 and	express	 high	
vimentin	and	low	alpha	smooth	muscle	actin	(α-SMA)	[33-35].	VIC	remain	 in	this	quiescent	state	 in	
the	absence	of	disease	throughout	life	to	maintain	ECM	homeostasis	[36-38].		
Studies	 suggest	 that	 qVIC	 can	 become	 activated	 (aVIC)	 during	 valve	 injury	 and	 repair	 or	 under	
pathological	 conditions.	 These	 aVIC	 are	 more	 contractile,	 have	 a	 higher	 proliferation	 rate	 and	
upregulate	 the	myofibroblast	 (MFb)	marker	α-SMA	 [33,	37].	aVIC	also	 secrete	proteolytic	enzymes	
that	mediate	matrix	 degradation	 and	 remodeling:	matrix	metalloproteinases	 (MMP)-1,	 2,	 3	 and	 9	
[39,	40],	and	their	inhibitors	1	and	2	(tissue	inhibitor	of	MMP	=	TIMP)	[41].	Only	a	small	population	of	
aVIC	or	in	some	cases	no	α-SMA	positive	cells	are	present	in	normal	heart	valve	tissue	[36-38].	Latif	





associated	 proteins	 such	 as	 osteopontin	 and	 osteocalcin	 (OCN)	 [45],	 as	 well	 as	 the	 expression	 of	

































Cardiovascular	diseases	 (CVD)	 represent	a	major	healthcare	 issue	causing	significant	morbidity	and	
mortality	worldwide	[50].	The	heart	disease	and	stroke	statistics—2017	update	reported	that	on	the	
basis	of	the	National	Health	and	Nutrition	Examination	Survey	2011	to	2014	data,	an	estimated	92.1	





























forward	 blood	 flow)	 and	 aortic	 regurgitation	 (aortic	 valve	 insufficiency,	 allowing	 backward	 blood	 flow).	







and	 in	 abnormal	 leaflet	motion.	 This	 impedes	 the	 forward	 blood	 flow	 from	 the	 left	 ventricle,	 and	
leads	 to	 left	ventricle	concentric	hypertrophy	due	 to	progressive	high-pressure	overload.	The	most	
common	 causes	 of	 AS	 are	 calcification	 of	 the	 normal	 tricuspid	 or	 congenital	 bicuspid	 valve	 and	
rheumatic	disease	[19,	54].		
The	calcific	disease	causes	a	reduction	in	leaflet	motion	and	effective	valve	area	without	commissural	
fusion.	 It	 is	 an	 active	 disease	 process	 characterized	 by	 lipid	 accumulation,	 inflammation	 and	
calcification,	 with	 many	 similarities	 with	 atherosclerosis,	 which	 mostly	 occurs	 in	 the	 elderly	 [55].	
Congenital	malformations	of	the	valve,	e.g.	bicuspid	valve,	can	also	result	in	stenosis	and	is	the	most	
common	 cause	 in	 young	 adults	 [54,	 56].	 Rheumatic	 heart	 disease	 is	 a	 well-known,	 and	 late	
inflammatory	complication	of	group	A,	streptococcal	pharyngitis.	Rheumatic	AS	 is	due	to	thickened	




















asymptomatic	 phase,	 with	 a	 slow	 insidious	 left	 ventricle	 dilatation	 (eccentric	 left	 ventricle	
hypertrophy),	which	 increases	the	 forward	stroke	volume,	 thereby	compensating	 for	 the	backward	







success,	 leaving	 surgical	 replacement	as	 the	only	 treatment	option	 [16].	 In	2003,	290	000	patients	
required	 heart	 valve	 replacement,	 this	 number	 is	 estimated	 to	 triple	 over	 850	 000	 by	 2050	 [60].	
Heart	 valve	 prostheses	 should	 possess:	 excellent	 durability,	 biocompatibility,	 non-thrombogenic	
surface	 properties,	 appropriate	 hemodynamic	 performance,	 and	 ease	 of	 implantation	 with	 low	





carbon,	 Delrin,	 Teflon,	 Dacron,	 etc.).	 [58].	 Over	 the	 past	 60	 years,	 researchers	 have	 developed	
several	 designs	 (caged-ball,	 tilting-disc	 and	 bileaflet	 valves)	 each	 one	 consisting	 of	 a	 valve	 ring,	 a	
suture	ring,	one	or	more	struts,	and	one	or	more	discs	or	movable	stop	(Fig.9.A-C)	[61,	62].	
The	first	MHV	was	developed	in	1952	by	inserting	a	Plexiglas	cage	containing	a	ball	occluder	into	the	
descending	 thoracic	 aorta	 [63,	 64].	 In	 1960,	 the	 caged-ball	 or	 Starr-Edwards	 valves	were	 the	 first	
valves	 implanted	 in	the	anatomic	position.	These	valves	consist	of	a	metal	cage	with	a	silicone	ball	
(Fig.9.C).	The	durability	of	these	prostheses	have	been	proven	[65].	However,	caged-ball	valves	can	
cause	 health	 problems	 due	 to	 inappropriate	 hemodynamics	 and	 high	 pressure	 drop	 in	 the	 open	
position,	 caused	 by	 the	 centrally	 obstruction	 design	 [66].	 They	 also	 have	 a	 relatively	 large-profile	
which	increases	the	possibility	of	interference	with	anatomical	structures	after	implantation	[58].	
In	 the	 mid-1960s,	 low-profile	 tilting-disc	 (monoleaflet)	 valves	 were	 developed	 which	 consist	 of	 a	






Since	 the	 1970s,	 bileaflet	 valves	 are	 the	 leading	 design	 of	MHV.	 These	 prostheses	 are	 based	 on	 a	
similar	design	as	the	tilting-disc	valves	and	have	a	pair	of	semicircular	discs	that	rotate	on	struts	and	
are	anchored	by	hinges	to	the	valve	ring	(Fig.9.A)	[61,	68].	Compared	to	the	precedent	monoleaflet	
MHV,	 these	prostheses	do	not	disturb	 the	normal	 laminar	blood	 flow	and	do	not	have	 a	negative	
impact	on	the	natural	hemodynamics.	These	newer-generation	valves	require	a	 lower	 level	of	anti-
coagulation	 compared	 with	 older	 models.	 Nevertheless,	 hemorrhagic	 and	 thromboembolic	
complications	 related	 to	 anti-coagulation	 can	 still	 occur,	 especially	 around	 the	 hinge	 area	 of	 the	









































complications	 and	 do	 not	 require	 any	 anti-coagulation	 [73].	 However,	 they	 are	 unlikely	 to	 grow,	
remodel,	or	exhibit	active	metabolic	functions	and	their	availability	 is	 limited	as	suitable	valves	can	




valve	 that	might	 grow	with	 the	 somatic	 growth	 of	 children.	 In	 general,	 this	 involves	 the	 PV	 being	
grafted	into	the	aortic	site	and	a	homograft	implanted	in	the	pulmonary	site	[78].	Ten-year	survival	
for	 this	 procedure	 has	 been	 reported	 as	 high	 as	 96%,	with	 up	 to	 75%	 ten-year	 freedom	 from	 re-
operation	[79].	Clinical	studies	have	demonstrated	that	the	Ross	procedure	is	superior	to	homograft	
AV	 in	adults	 [80],	and	that	the	growth	of	the	pulmonary	autograft	 in	children	 is	parallel	to	somatic	
growth	[81].	However,	subsequent	aortic	root	dilation	and	AR	are	two	of	the	known	repercussions,	
and	the	 fact	 that	 this	now	creates	a	 two-valve	problem	has	 led	some	to	question	the	utility	of	 the	
procedure	for	some	patients	[82].	






Heterografts	 can	 be	 obtained	 from	porcine	 aortic	 valves	 (pAV)	 or	 bovine	 pericardium	 (bPER)	 [61].	
Freeze-dried	pig	aortic	valves	were	transplanted	for	the	first	time	in	1965	into	the	descending	aorta	
of	dogs.	Although	no	animal	survived	for	more	than	8	months,	the	heterologous	valves	were	in	good	








al.	 advocated	 the	 use	 of	 glutaraldehyde	 (GA)	 for	 chemical	 crosslinking	 treatment	 of	 animal	 tissue	









A:	 Schematic	overview	of	 the	macrostructure	of	pericardium.	Pericardium	consists	of	 two	 layers;	 the	 fibrous	
pericardium	(=	F:	fibrosa)	and	the	serous	pericardium.	The	latter	one	includes	two	distinct	layers;	a	parietal	(=	
S:	 serosa)	and	a	visceral	 layer	 (epicardium)	 (adapted	 from	[92]).	B:	Overview	of	 the	microstructure	of	native	
pericardium	(HE	staining).	Pericardial	fibroblasts	are	the	major	cell	type	of	the	pericardium	and	are	responsible	




GA-crosslinked	 xenografts,	 like	 allografts,	 show	 good	 hemodynamics,	 have	 a	 low	 incidence	 of	
thromboembolic	 complications	 and	do	not	need	any	 anti-coagulation,	 but	 their	main	 advantage	 is	
their	unlimited	availability.	Yet,	they	do	not	have	the	potential	to	grow	or	to	remodel,	are	prone	to	






















[58,	 61].	 Also	 in	 older	 patients	 who	 are	 already	 taking	 anti-coagulation	 medicine	 (due	 to	 a	
mechanical	 prosthesis	 in	 another	 position	 or	 being	 at	 high	 risk	 for	 thromboembolism),	 and	 in	
patients	 who	 are	 at	 risk	 of	 accelerated	 BHV	 structural	 deterioration	 (young	 age,	
hyperparathyroidism,	renal	insufficiency)	[97].	

















The	 “Holy	 Grail”	 of	 valve	 replacements	 is	 a	 non-thrombogenic	 and	 non-immunologic	 tissue	 valve	
which	 lasts	 the	 lifetime	 of	 the	 patient.	 One	 of	 the	 main	 problems	 of	 all	 clinically	 used	 valve	
substitutes	 is	 the	 lack	of	 the	 ability	 to	 grow,	 repair	 and	 remodel	within	 the	patient	 since	 they	 are	
made	 of	 non-viable	 tissue.	 To	 overcome	 the	 limitations	 of	 these	 non-viable	 heart	 valve	
replacements,	 tissue	 engineering	 approaches	 emerged.	 Tissue	 engineered	 heart	 valves	 (TEHV)	 are	







scaffold	 and	 expected	 to	 recolonize	 the	 scaffold	 in	 order	 to	 generate	 new	 viable	 tissue	 (Fig.12).	
Scaffolds	can	be	made	of	biodegradable	polymeric	materials	or	decellularized	tissue	[99,	101,	102],	
and	 are	 sometimes	 coated	 with	 proteins,	 growth	 factors	 (GF)	 or	 antibodies	 (Ab)	 to	 enhance	 cell	
attachment	[103-105].	Because	of	the	 load-bearing	function	of	heart	valves	 in	vivo,	any	TEHV	must	























of	 techniques	 such	 as	 salt-leaching,	 electrospinning,	 phase	 separation,	 freeze	 drying,	 and	 self-
assembly	 [101,	 110].	 Frequently	 used	 synthetic	 polymers	 in	 HVTE	 are	 the	 aliphatic	 polyesters:	
polyglactin,	polyglycolic	acid	(PGA),	polylactic	acid	(PLA),	and	polylactic-co-glycolic	acid	(PLGA),	which	




















natural	 biomaterial	 is	 the	 presence	 of	 bio-active	 molecules	 that	 drive	 tissue	 homeostasis	 and	
regeneration	[123].		
Before	 xenogeneic	 and	 allogeneic	 tissues	 can	 be	 used	 as	 scaffolds	 for	 HVTE,	 it	 is	 imperative	 to	
remove	 the	 major	 immunogenic	 component,	 namely	 the	 cells.	 Allografts	 are	 cryopreserved	 and	
undergo	 in	 vivo	 calcification	mainly	 due	 to	 allogeneic	 cell	 debris,	 or	 can	 be	 rejected	 if	 viable	 cells	
remain	within	the	scaffolds.	Xenogeneic	tissues	on	the	other	hand	are	currently	crosslinked	with	GA,	
which	 render	 them	 biologically	 inert	 and	 inhibits	 immune	 cell	 penetration	 but	 at	 the	 same	 time,	





hyper	acute	 rejection	 is	mainly	due	 to	 the	presence	of	 the	galactoseα1-3galactose	 (α-gal)	epitope,	





an	 intact	 and	 natural	 meshwork	 of	 ECM	 components	 organized	 in	 a	 tissue	 specific	 architecture	
remains	 [130].	 Compared	 to	 allogeneic	 tissues,	 which	 are	 scarce,	 xenogeneic	 tissues	 are	 readily	
available.	 Most	 widely	 used	 matrices	 for	 heart	 valve	 tissue	 engineering	 (HVTE)	 are	 decellularized	
bovine	or	porcine	pericardium,	porcine	small	 intestinal	submucosa	(SIS)	and	porcine	or	ovine	heart	
valves	[131].	
Commonly	 used	methods	 to	 destroy	 cells	 and	 remove	 their	 components	 from	 porcine	 valves	 and	
pericardia	 are	 the	 non-ionic	 detergent,	 Triton	 X-100	 (tert-octylphenylpolyoxyethylen),	 anionic	
detergents,	SDS	(sodium	dodecyl	sulfate)	and	SDC	(sodium	deoxycholate),	and	the	enzymatic	agent,	
trypsin	 [132,	 133].	 Ionic,	 non-ionic	 or	 zwitter-ionic	 detergents	 are	 effective	 in	 removing	 cellular	
material	from	tissues,	since	they	permeabilize	the	cell	membrane	and	segregate	DNA	from	proteins.	
However,	they	can	also	negatively	affect	the	native	ECM	structure	and	composition	[134].	Non-ionic	
detergents,	 such	 as	 Triton	 X-100,	 are	 relatively	mild	 detergents	 as	 they	 break	 lipid-lipid	 and	 lipid-
protein	 interactions,	 but	 leave	 protein-protein	 interactions	 intact	 [135].	 On	 the	 other	 hand,	 ionic	
detergents,	such	as	SDC,	are	known	to	solubilize	cell	and	nucleic	membranes,	but	tend	to	denature	
proteins	 [136].	 Some	 studies	 demonstrated	 that	 trypsin,	 a	 serine	 protease,	 is	 a	 useful	 enzyme	 to	
promote	 a	 complete	 tissue	 decellularization,	 since	 it	 disrupts	 cell-matrix	 interactions	 [137].	 To	
enhance	the	action	of	detergents,	hypo-and	hypertonic	buffer	solutions	can	be	incorporated	into	the	
decellularization	process.	Immersion	in	a	hypotonic	solution	causes	cells	to	swell	and	burst	(osmotic	
lysis),	 and	enhance	 the	uptake	of	detergents.	 Immersion	 in	a	hypertonic	 solution	has	 the	opposite	
effect,	which	causes	cells	to	dehydrate	and	shrink	which	can	lead	to	cell	death	and	aid	detachment	of	
cells	 from	 the	 matrix.	 Finally,	 following	 treatment	 with	 enzymes,	 detergents	 or	 buffers,	 residual	
nucleic	acids	may	be	 left	behind.	Therefore,	an	additional	nuclease	enzyme	digestion	 step	 is	often	



















et	 al.	 in	 1999	 (SynerGraft®)	 [139].	 The	 decellularization	 process	 involved	 cell	 lysis	 induced	 by	
incubation	 in	 water	 followed	 by	 nuclease	 digestion	 and	 a	 multi-day	 isotonic	 washout	 phase.	
Unfortunately,	the	early	clinical	performance	of	these	valves	in	children	was	not	successful.	A	fibrous	
overgrowth	and	strong	inflammatory	response	led	to	catastrophic	failure	in	three	out	of	four	cases.	
This	 response	 was	 initially	 attributed	 to	 a	 foreign-body-type	 reaction	 by	 the	 xenogeneic	 collagen	
scaffold	 [140].	However,	 two	years	 later	 the	 same	group	evidenced	 the	 residual	presence	of	α-gal	
epitopes	 in	 these	 SynerGraft	 valves,	 which	 possibly	 triggered	 hyper	 acute	 rejection	 [141].	 This	
emphasized	 the	 need	 to	 investigate	 complete	 removal	 of	 the	 α-gal	 epitope	 following	
decellularization	of	xenogeneic	tissues	in	future	developments.	Meanwhile,	this	research	group	also	
generated	 the	 first	 commercially	available	decellularized	human	pulmonary	valves,	using	 the	 same	
decellularization	 procedure	 (CryoValve	 SG®)	 [142].	 The	 latest	 commercially	 available	 decellularized	




To	 date	 there	 is	 no	 doubt	 that	 complete	 recellularization	 and	 remodeling	 of	 the	 decellularized	
scaffolds	 is	 one	 of	 the	 key	 factors	 to	 limit	 or	 minimize	 immune	 based	 graft	 degeneration	 and	
structural	 tissue	 failure	 [145].	 Ideally,	 autologous	 cells	 should	 be	 used,	 which	 improve	
biocompatibility	and	patients’	response	to	the	valve,	as	well	as	remodeling	of	the	ECM	in	the	valve	
leaflets.	 Currently,	 two	main	 approaches	 are	 applied	 in	order	 to	obtain	 repopulated	decellularized	




cell	 source	and	 the	cultivation	method	 for	 the	 in	vitro	 approach,	 results	of	decellularization	and	 in	














[148].	 They	 are	 an	 excellent	 model	 for	 capturing	 valve-related	 thrombosis	 and	 blood-material	
interactions,	especially	for	MHV	[149,	150].	In	BHV,	the	primary	failure	is	due	to	calcification,	which	is	
enhanced	 in	 children.	 It	 is	 known	 that	 BHV	do	 calcify	 in	 the	 pig	model,	 however,	 the	 degradation	
rates	 are	 found	 to	 be	 slower	 than	 in	 other	 species	 [151,	 152].	 In	 addition,	 the	 usefulness	 of	 this	




and	 Drug	 Administration).	 They	 are	 the	 classic	 model	 for	 mimicking	 the	 pattern	 of	 BHV	 wall	 and	
leaflet	calcification.	In	addition,	the	calcification	rate	of	sheep	is	age-related	[156].	Sheep	also	have	
similar	 heart	 rate,	 blood	 pressure,	 intracardiac	 pressure,	 and	 cardiac	 output	 to	 healthy	 young	
humans,	can	tolerate	anesthesia	and	cardiopulmonary	bypass	well,	and	present	no	major	difficulties	
in	post-operative	management	 [156,	 157].	 Because	 the	 risks	 associated	with	TEHV	are	 likely	 to	be	
similar	to	those	of	BHV,	and	different	from	MHV,	the	sheep	is	likely	a	very	appropriate	model	for	the	
assessment	of	preclinical	performance	and	safety	of	TEHV.		
Old	 World	 Monkey	 species,	 like	 baboons,	 are	 genetically	 more	 similar	 to	 humans.	 As	 previously	
described	 (in	 4..1.1.2	 Decellularized	 scaffolds),	 just	 like	 humans,	 they	 possess	 natural	 antibodies	
against	the	alpha-gal	epitope.	Such	a	non-human	primate	model	could	be	a	significant	preclinical	tool	
and	a	valuable	alternative	to	the	swine	or	pig	model	regarding	xenograft	reactions.	Yet	so	far,	only	





aims	 to	 create	 biomimetic	 tissues	 by	 generating	 native	 microstructural	 functional	 tissue	 building	
blocks	 and	 assembling	 (random,	 directed	 or	 magnetic	 assembling,	 or	 by	 stacking)	 these	 modular	
units	to	engineer	larger	tissue	constructs	from	the	bottom	up	(Fig.13)	[99,	100].	
Recently,	three-dimensional	(3D)	cell	culture	has	gained	interest	in	tissue	engineering	due	to	the	fact	















[163].	 3D	cell	 culture	 systems	mimic	more	 closely	 the	actual	 in	 vivo	microenvironment.	Moreover,	
they	 allow	 better	 cell-to-cell	 and	 cell-to-matrix	 interactions	 which	 are	 important	 for	 cell	
differentiation,	 proliferation	and	 cellular	 functions,	 and	which	also	 stimulate	 cells	 to	produce	ECM	
components	 and	 to	 organize	 into	microtissue-like	 structures	 in	 vitro	 [164,	 165].	 Currently,	 a	wide	
variety	of	techniques	exist	to	culture	cells	into	3D	structures.	These	techniques	can	be	grouped	into	
two	 main	 categories;	 completely	 cell	 driven	 (without	 the	 use	 of	 a	 biomaterial),	 or	 by	
suspending/encapsulating	 cells	 in	 a	 biomaterial	 (such	 as	 hydrogels)	 [166,	 167].	 One	 of	 the	 most	
commonly	 used	 cell	 driven	 approaches	 currently	 available	 are	 the	 micromass	 cultures	 (homo-
/heterotypic	aggregates)	[165].		























Self-assembled	 cell	 aggregates	 can	 be	 created	 by	 various	 scaffold-free	 techniques:	 pellet/spinner	
culture,	hanging	drop,	liquid	overlay,	rotating	wall	vessel,	external	force,	cells	sheets	or	microfluidics.	
Unfortunately,	all	these	techniques	have	their	own	limitations	such	as	poor	size	control,	high	shear	
stresses,	 low	 yield,	 etc.	 [170].	 However,	 a	 recently	 developed	 high	 throughput	 technique	 uses	





Cells	 from	different	 animal	 and	human	 sources	have	been	used	 for	HVTE	 research	 (Table	 1).	 Cells	
from	 xenogeneic	 sources	 used	 in	 human	 tissue	 constructs	 pose	 risks	 (immune	 response,	 disease	
transfer).	However,	analogous	cell	types	from	animal	and	human	sources	often	show	almost	identical	
phenotypes,	making	 animal	 cells	 appropriate	 for	 in	 vitro	 and	 preclinical	 in	 vivo	 animal	 studies.	 In	
addition,	they	are	readily	available,	less	expensive,	and	not	subjected	to	the	same	level	of	safety	and	
ethical	regulations	compared	to	human	cells	[102].		
Because	 VIC	 and	 VEC	 are	 not	 easily	 accessible,	 HVTE	 initially	 focused	 on	 the	 isolation	 of	 cells	
harvested	from	vascular	donor	tissues	such	as	peripheral	arteries	and	veins,	from	which	EC	and	MFb-
like	 cells	 could	 be	 isolated	 [60,	 172].	 Isolation	 of	 these	 cells	 is	 technically	 simple	 and	 these	 cells	





vessels.	 EPC	were	 first	 discovered	 in	 human	peripheral	 blood	by	Asahara	 et	 al.,	 and	were	 isolated	
based	on	CD34+	 and	 Flk-1	 (KDR/CD309)+	 expression.	 The	 fraction	of	 cells	which	 attached	 in	plated	
cultures,	differentiated	in	vitro	into	EC.	To	confirm	the	EC-like	phenotype,	mRNA	expression	of	CD31,	
endothelial	nitric	oxide	synthase	(eNOS),	and	Flk-1	was	documented	[174].	EPC	are	not	only	found	in	
peripheral	 blood,	 they	 can	 also	 be	 isolated	 from	 other	 blood	 sources	 such	 as	 bone	marrow	 (BM)	
[175],	amniotic	fluid	[176,	177],	or	umbilical	cord	[178].		
4.2.2 Mesenchymal	stem	cells	
Mesenchymal	 stem	 cells	 (MSC)	 have	 shown	 considerable	 promise	 for	 HVTE	 and	 offer	 some	



















Previous	 studies	 have	 reported	 that	 MSC	 share	 many	 characteristics	 of	 VIC,	 are	 able	 to	 produce	
collagen	 in	 response	 to	 cyclic	 stretch	and	 to	yield	heart	 valve	ECM	components	 in	 vitro	 [183-186].	
The	 role	 of	GF	 in	MSC	proliferation	 and	differentiation	has	 extensively	 been	 investigated	over	 the	
past	 years.	 Some	 research	 groups	 strive	 to	 use	 GF	 which	 do	 not	 influence	 the	 differentiation	
potential	of	MSC,	whilst	others	focus	on	the	differentiation	of	MSC	into	a	VIC-like	phenotype.	TGF-β1	
is	an	 important	 inducer	of	MFb	differentiation	of	VIC	 (qVIC	to	aVIC),	while	 fibroblast	growth	factor	
(FGF)	 enhances	 re-differentiation	 to	 a	 more	 Fb-like	 phenotype	 (aVIC	 to	 qVIC)	 [187].	 Similar	
phenotype	 conversions	 of	 mesenchymal	 stem	 cells	 were	 demonstrated	 when	 TGF-β1	 or	 FGF	 was	
supplemented	to	the	stem	cell	cultures	[180].	Aside	from	GF,	it	is	known	that	also	organic	molecules	
such	as	β-mercapto-ethanol,	 retinoic	acid,	or	 ascorbic	acid	 can	play	a	 role	 in	 the	differentiation	of	
MSC	towards	a	MFb-like	phenotype,	by	increasing	α-SMA	expression	[50].	The	anti-oxidant	ascorbic	
acid	 and	 its	 derivative	 ascorbic	 acid-2-phosphate	 (AA)	 can	 also	 stimulate	 MSC	 proliferation	 and	
collagen	synthesis,	while	preserving	their	differentiation	potency	[188].	
MSC	can	be	obtained	from	different	sources:	amniotic	fluid	[189],	chorionic	villi	[190],	umbilical	cord	





Apart	 from	 stem	and	progenitor	 cells	 of	 the	hematopoietic	 lineage,	 the	BM	 is	 also	 known	 to	be	 a	
source	 of	 stem	 cells	 from	 non-hematopoietic	 origin.	 This	 subpopulation	 of	 BM	 cells	 was	 first	
identified	 by	 the	 pathologist	 Cohnheim	 in	 1867	 [200].	 He	 hypothesized	 that	 cells	 with	 a	 Fb-like	
morphology	migrate	to	the	sites	of	 injury	and	help	to	regenerate	damaged	tissue.	However,	 it	was	
only	100y	later	that	Friedenstein	et	al.	isolated,	cultured	and	differentiated	these	cells,	which	opened	
a	 new	 field	 of	 stem	 cell	 research	 [201].	 These	 non-hematopoietic	 stem	 cells	 are	multipotent	 and	
referred	 to	 as	 MSC	 because	 of	 their	 ability	 to	 differentiate	 into	 different	 phenotypes	 of	 the	
mesoderm	germ	layer,	or	as	marrow	stromal	cells	as	they	appear	to	arise	from	the	complex	array	of	
supporting	 structures	 found	 in	 the	 marrow	 stroma	 [202].	 In	 2006,	 the	 International	 Society	 of	





CD34,	 CD14	 or	 CD11b,	 CD79a	 or	 CD19	 and	 HLA-DR	 surface	 molecules;	 3)	 in	 vitro	 trilineage	
differentiation	potential	into	osteoblasts,	adipocytes	and	chondroblasts	[203].	




It	 is	worth	mentioning	 that	 some	 research	 groups	 not	 only	 use	 the	 adherent	 fraction	of	 BM	 cells,	
represented	by	 the	MSC,	 but	 sometimes	 the	 total	 population	of	 (unsorted)	BM	mononuclear	 cells	
(MNC)	is	being	investigated	as	a	potential	cell	source	for	HVTE	[160,	206].	
4.2.2.2 Adipose	derived	mesenchymal	stem	cells	
Fat	 tissue	 is	 an	 attractive	 source	 for	 MSC	 isolation	 because	 it	 is	 easily	 accessible	 with	 minimal	
invasive	procedures	and	large	amount	of	tissue	fragments	can	be	obtained,	mostly	from	liposuction	
(lipoaspirate)	or	subcutaneous	fat.	Compared	to	bone	marrow	aspirates,	lipoaspirate	contains	larger	
quantities	 of	MSC.	 3%	 of	 total	 isolated	 cells	 from	 fat	 tissue	 are	 estimated	 to	 be	 adipose	 derived	
mesenchymal	stem	cells	(ADSC)	[207,	208].	In	addition	to	a	higher	yield,	ADSC	are	significantly	more	









The	 last	 ten	years,	biocompatible	hydrogels	 are	gaining	 interest	 in	 the	 field	of	HVTE.	They	are	not	
only	 used	 to	 generate	 porous	 scaffolds	 for	 TD-TE,	 but	 also	 as	 cell	 carriers/bio-ink	 for	 bioprinting	
applications	in	BU-TE.		
Hydrogels	 are	 biocompatible	 materials	 with	 a	 hydrophilic	 character	 and	 a	 3D	 macromolecular	
polymeric	 network,	 that	 can	 be	 crosslinked	 in	 order	 to	 form	 stable	 polymeric	matrices	 in	 various	
















To	 date,	 hydrogels	 from	 both	 synthetic	 and	 natural	 polymers	 are	 explored	 for	 HVTE	 applications.	
Synthetic	 hydrogels	 such	 as	 polyethylene	 glycol	 (PEG)	 ease	 the	 user	 to	 control	 the	 mechanical,	
physical	 and	 chemical	 properties	 [221-223].	 In	 some	 cases,	 these	 hydrogels	 are	 modified	 with	
peptides	 in	order	 to	enhance	 the	biological	 function	of	 the	synthetic	hydrogel	and	 to	 facilitate	 the	
interaction	with	 cells	 [224].	 In	 contrast	 to	 synthetic	 hydrogels,	 natural	 hydrogels	 such	 as	 collagen	




have	 gained	 interest.	 By	 combining	 different	 natural	 and/or	 synthetical	 materials,	 hydrogels	 with	
improved	bioactivity	as	well	as	mechanical	properties	can	be	generated	[233].	
Hydrogels	 can	 be	 crosslinked	 by	 exposing	 polymer	 solutions	 to	 chemical	 stimuli	 or	 by	 physical	
processes.	The	most	commonly	used	hydrogels	in	HVTE	(PEG,	gelatin	and	HA,	Table	3)	are	chemically	
crosslinked	 by	 generating	 covalent	 bonds	 between	 the	 polymer	 chains.	 First,	 photo-crosslinkable	
functional	end	groups	are	introduced	to	the	polymers.	Secondly,	a	photoinitiator	(PI)	is	added,	which	




Photocurable	materials	 that	 form	through	 the	 free-radical	mechanism	undergo	chain-growth	polymerization,	
which	includes	three	basic	steps:	initiation,	chain	propagation,	and	chain	termination.	R•	represents	the	radical	
that	 forms	 upon	 interaction	 with	 radiation	 during	 initiation.	 The	 active	 monomer	 that	 is	 formed	 is	 then	
propagated	 to	create	growing	polymeric	chain	 radicals.	The	propagation	step	 involves	 reactions	of	 the	chain	
radicals	with	 reactive	double	bonds	of	prepolymers	or	oligomers.	 The	 termination	 reaction	usually	proceeds	






One	 of	 the	 challenges	 in	 the	 use	 of	 hydrogels	 is	 to	 obtain	 a	 good	 balance	 between	 scaffold	
degradation	 and	 newly	 formed	 ECM,	 which	 is	 important	 for	 creating	 and	 maintaining	 sufficient	
mechanical	 properties	 of	 the	 cell-seeded/cell-encapsulated	 constructs.	 A	 rapid	 degradation	 might	
impair	the	integrity	and	mechanical	properties	of	constructs,	whereas	a	slow	degradation	rate	might	
impede	 tissue	 regeneration	 [236].	 Another	 crucial	 factor	 in	 the	 determination	 of	 cell	 fate	 and	
physiological	function,	is	the	regulation	of	the	interaction	between	cells	and	their	local	environment.	
The	 ideal	 hydrogel	 should	 provide	 an	 informative	 microenvironment,	 mimicking	 the	 physiological	
niche	and	direct	cell	behavior	(e.g.	proliferation,	differentiation,	morphology,	ECM	production,	etc.)	
without	inducing	pathological	effects	[237].	This	will	be	important	for	VIC,	as	it	is	already	known	that	






PEG	 hydrogels	 are	 of	 great	 interest	 for	 TE	 applications	 because	 PEG	 is	 biocompatible	 and	 non-
immunogenic	 and	 has	 been	 approved	 for	 internal	 use	 by	 the	 Food	 and	 Drug	 Administration.	 The	
structure,	 mechanical	 behavior,	 and	 degradability	 of	 PEG	 hydrogels	 can	 be	 tuned	 by	 controlling	
chemistry	and	processing	conditions	[239,	240].	PEG	hydrogels	exhibit	a	wide	range	of	elastic	moduli	
(EM),	 similar	 to	 various	 soft	 tissues	 and	 have	 already	 been	 used	 to	 study	 the	 effect	 of	 substrate	
modulus	 on	 VIC	 behavior	 [241].	 They	 are	 also	 bioinert	 primarily	 due	 to	 their	 non-adhesive	
characteristics.	However,	PEG	hydrogels	can	be	modified	to	be	more	bio-active	and/or	biodegradable	
by	 incorporation	 of	 proteins	 [242],	 peptides	 [224]	 and	 polysaccharides	 [243]	 into	 the	 polymer	
network.		
To	be	photo-crosslinkable,	the	end	groups	of	PEG	can	be	replaced	by	other	functional	groups,	such	as	




























HA	 is	 a	 component	of	 the	 cardiac	 jelly	during	heart	development,	 and	 comprises	55%	of	 the	 total	
GAG	content	 in	valve	 leaflets,	providing	compressive	 resistance	 in	 the	cardiac	cycle	and	playing	an	
essential	 role	 in	 valvular	 cell-matrix	 interactions	 [247].	 Therefore,	 it	may	have	a	 substantial	 role	 in	
valvular	 cellular	 behavior	 when	 used	 in	 HVTE	 [228].	 Furthermore,	 HA	 hydrogels	 are	 non-
immunogenic,	non-thrombogenic,	hydrophilic	and	can	be	 rapidly	degraded	with	hyaluronidase.	HA	
can	 be	 modified	 to	 alter	 hydrogel	 properties	 related	 to	 hydrophobicity,	 biological	 activity	 and	
degradability	[248-250].		
To	be	photo-crosslinkable,	 the	hydroxyl	group	 in	the	N-acetyl	glucosamine	sugar	can	be	chemically	





dry	 weight	 [8].	 Its	 use	 has	 the	 potential	 to	 maintain	 distinct	 valvular	 mechanical	 properties	 and	
facilitate	the	interactions	between	valvular	 interstitial	cells	and	the	ECM.	Collagen	typically	has	 low	
antigenicity	in	vivo	[252,	253].	Gelatin	is	the	product	of	thermal	denaturation	or	disintegration	of	the	




Type	 A	 or	 B),	 into	 single-strand	molecules	 [252].	 Gelatin	 can	 form	 a	 solution	 in	 water	 above	 the	
melting	point	(Tm	=	~	35°C)	and	undergoes	a	thermo-reversible	gelation	at	temperatures	lower	than	
the	 glass	 transition	 temperature	 (Tg	 =	 ~	 28°C).	 In	 order	 to	 form	 crosslinked	 Gel	 hydrogels,	
methacrylated	 gelatin	 (Gel-MOD)	 is	 synthesized	by	 the	 reaction	of	methacrylic	 anhydride	with	 the	
amide	groups	of	gelatin	 (Fig.15.C).	Gel-MOD	solutions	can	 then	be	crosslinked	with	UV	 light	 in	 the	
presence	of	a	PI	such	as	Irg	or	VA-086	(VA,	peak	absorbance	365nm)	[254,	255].		
4.4 3D	(bio)printing	in	heart	valve	tissue	engineering		
3D	 printing,	 also	 called	 additive	 manufacturing	 technology,	 is	 one	 of	 the	 rapid	 manufacturing	
techniques	in	both	approaches	of	TE	and	has	the	potential	to	improve	the	clinical	outcome	of	TEHV	
by	allowing	to	better	match	patient-specific	geometries,	and	spatial	heterogeneity	of	the	mechanical	
properties	 and	 cell	 types	 of	 the	 HV	 [256].	 3D	 printing	 can	 be	 used	 to	 manufacture	 molds	 and	
scaffolds	 for	TD-TE	 (Fig.16.A-C)	 [257,	258].	On	 the	other	hand,	3D	bioprinting	 relays	on	 the	use	of	
hydrogel	encapsulated	cells	or	aggregates	as	a	bio-ink	for	the	directed	assembly	of	these	microscale	
tissue	building	blocks	in	BU-TE	(Fig.16.D-E)	[231,	234,	259].			
The	 basic	work	 flow	 of	most	 3D	 printing	 approaches	 uses	magnetic	 resonance	 imaging	 (MRI)	 and	
computer	tomography	(CT)	as	templates,	which	yield	the	necessary	information	of	the	geometry	of	
the	heart	valve,	 that	 is	 transformed	 into	a	digital	3D	model	by	specific	software.	The	3D	computer	

















subcutaneous	 implantation	of	a	3D	printed	plastic	mold	 (A)	 in	goats	 (adapted	 from	[258]);	C)	3D	printed	HV	


















Currently	 there	are	 three	basic	 types	of	3D	bioprinting	 techniques	available;	 inkjet	printing,	micro-
extrusion	bioprinting,	and	laser-assisted	bioprinting	(Fig.17)	[169,	261-263].		
Inkjet	 printers,	 also	 known	 as	 drop-on-demand	 printers,	 are	 the	 most	 commonly	 used	 type	 of	
printers	 for	 biological	 and	 non-biological	 applications.	 To	 produce	 the	 bio-ink	 droplets,	 inkjet	
bioprinting	 can	 be	 done	 either	 by	 a	 thermal	 method	 or	 with	 a	 piezoelectric	 actuator	 (Fig.17.B).	
Thermal	printers	 function	by	electrically	heating	 the	print	head	 to	produce	pulses	of	pressure	 that	
force	droplets	out	of	the	nozzle.	The	local	heating	generates	a	bubble	in	the	ink	reservoir	and	ejects	a	
small	droplet	(200-300°C	for	~2µs	results	 in	an	overall	temperature	increase	of	4-10°C	[264])	[259].	
Piezoelectric	 printers	 contain	 a	 piezoelectric	 crystal,	 which	 can	 respond	 to	 an	 applied	 pressure,	
inducing	a	 rapid	change	 in	shape	and	creates	an	acoustic	wave	 inside	 the	print	head.	The	acoustic	
wave	divides	the	liquid	in	the	print	head	into	droplets	at	regular	intervals	[262].	
Micro-extrusion	 printers	 are	 the	 most	 common	 and	 affordable	 printers	 for	 non-biological	
applications.	They	usually	consist	of	a	temperature	controlled	biomaterial	dispensing	system.	Rather	
than	 liquid	 droplets,	 micro-extrusion	 yields	 continuous	 extrusion	 of	 materials	 by	 pneumatic	 or	
mechanical	(piston	or	screw)	dispensing	systems	(Fig.17.C)	[265].	
Laser-assisted	bioprinters	use	the	principles	of	 laser-induced	forward	transfer	 [266].	 It	consists	of	a	
pulsed	laser	beam	with	a	focus	system,	a	‘ribbon’	that	has	a	donor	transport	support	(typically	made	
from	 glass)	 covered	 with	 a	 laser-energy-absorbing	 layer	 (e.g.	 gold	 or	 titanium),	 and	 a	 layer	 of	























































































approach)	 and	 is	 divided	 into	 two	 sections.	 As	 it	 is	 known	 that	 xenogeneic	 cells	 can	 evoke	 an	
immunologic	 response	 post-transplantation,	 it	 is	 import	 to	 remove	 all	 cellular	 components	 before	
using	xenogeneic	 tissues	as	a	 scaffold	material.	For	 this	 reason,	 the	aim	 in	 the	 first	 section	was	 to	




active	 tissue.	A	static	 two-stage	seeding	protocol	was	used.	First,	 the	 interstitium	was	repopulated	
with	 valvular	 interstitial	 cells	 or	 stem	 cells.	 Secondly,	 endothelial	 cells	 were	 used	 to	 generate	 an	
endothelium	layer.	
Part	B	of	this	thesis	focuses	on	the	generation	of	bio-active	valvular	tissues	from	the	bottom-up	and	
is	 divided	 into	 two	 sections.	 To	 tissue	 engineer	 a	 large	 modular	 tissue	 from	 the	 bottom-up,	
microscale	building	blocks	are	needed.	For	this	reason,	the	aim	in	the	first	section	was	to	generate	
microtissues	 from	 valvular	 interstitial	 cells.	 A	 scaffold-free	 high	 throughput	microwell	 system	was	
used,	which	rapidly	generated	microtissues	in	a	low	shear	force	environment.		
Because	 the	 next	 step	 is	 to	 assemble	 these	 microtissues	 into	 larger	 tissue	 constructs	 by	 3D	
bioprinting,	 a	 cell	 friendly	 and	 printable	 material	 was	 needed.	 Therefore,	 in	 the	 second	 section,	










































































































an	 adequate	 preservation	 of	 the	 extracellular	matrix	 (ECM)	 is	 still	 lacking.	 This	 study	 compares	 a	
four-day	 Triton	 X-100-based	 protocol	 with	 faster	 SDC-based	 protocols	 for	 the	 decellularization	 of	
cardiac	 tissues.	 Decellularized	 and	 non-treated	 HVL	 and	 PER	 were	 processed	 for	 histological,	
biochemical	and	mechanical	analysis	to	determine	the	effect	of	these	agents	on	the	structure,	ECM	





study	 showed	 that	 both	 detergents	 had	 a	 similar	 impact	 on	 the	 ECM.	 However,	 Triton	 X-100	 1%	
+DNase/RNase	 (ENZ)	 ±	 Trypsin	 (TRYP)	 is	 the	 only	 protocol	 that	 generated	 completely	 cell	 free	











Valvular	 heart	 diseases	 represent	 a	 major	 healthcare	 issue	 causing	 significant	 morbidity	 and	
mortality	worldwide	[50].	The	age-adjusted	prevalence	of	clinically	diagnosed	valvular	heart	disease	





valves.	 Unfortunately,	 both	 types	 have	 several	 disadvantages.	 Mechanical	 valves	 are	 made	 of	
artificial	 biomaterials,	 therefore,	 patients	 with	 mechanical	 heart	 valves	 require	 a	 life-long	 anti-
coagulation	 treatment	 due	 to	 the	 substantial	 risk	 of	 thromboembolisms	 [58,	 268].	 On	 the	 other	
hand,	most	 bioprosthetic	 heart	 valves	 are	made	 from	 porcine	 heart	 valves	 or	 bovine	 pericardium	
that	 has	 been	 crosslinked	with	 glutaraldehyde	 (GA).	 These	 bioprosthetic	 heart	 valves	 have	 better	
hemodynamic	 characteristics,	 require	no	need	 for	 long-term	anti-thrombotic	 treatment,	but	 suffer	
from	premature	degeneration	and	calcification	[58,	269].	One	of	the	main	problems	of	all	clinically	
used	valve	substitutes	is	the	lack	of	the	ability	to	grow	and	to	remodel	within	the	patient	since	they	
are	 made	 of	 non-viable	 tissue.	 To	 overcome	 the	 limitations	 of	 these	 non-viable	 heart	 valve	
replacements,	 tissue	 engineering	 approaches	 emerged	 to	 create	 cell	 repopulated	 decellularized	
scaffolds	 [270].	 Tissue	 engineered	 heart	 valves	 (TEHV)	 have	 the	 potential	 to	 grow	 and	 allow	 cell	
infiltration.	In	addition,	they	are	less	prone	to	calcification	and	less	thrombogenic	[271].		
TEHV	 are	 most	 needed	 in	 the	 pediatric	 and	 young	 adult	 population	 as	 they	 outgrow	 valve	
replacements,	 resulting	 in	 multiple	 re-operations	 [98].	 Moreover,	 in	 this	 population	 the	 use	 of	
bioprosthetic	 valves	 is	 complicated	 by	 early	 tissue	 failure,	 associated	 with	 an	immune	response,	
followed	by	 accelerated	degeneration	 [272].	 In	 addition,	 they	 are	 susceptible	 to	 rapid	 calcification	
related	 to	 the	accelerated	 calcium	metabolism	of	 children	and	 to	 the	glutaraldehyde	 treatment	of	
the	valves	[273].	
ECM-based	 scaffolds	 derived	 from	 decellularized	 xenogeneic	 tissue	 are	 interesting	 materials	 for	
heart	 valve	 tissue	 engineering.	 The	 ECM	 provides	 mechanical	 support	 and	 favors	 attachment,	
migration	and	proliferation	of	cells	[122].	The	primary	reason	for	using	ECM	as	a	natural	biomaterial	
is	 the	 presence	 of	 bio-active	molecules	 that	 drive	 tissue	 homeostasis	 and	 regeneration	 [123].	 The	
main	 goal	 of	 decellularization	 strategies	 is	 to	 remove	 all	 cellular	 and	 nuclear	 material	 to	 prevent	


























methods	 [133].	 Commonly	 used	 methods	 to	 destroy	 cells	 and	 remove	 their	 components	 from	
porcine	valves	and	pericardia	are	described	 in	Chapter	 I;	4.1.1.2.	However,	a	 reliable	 standardized	
protocol	 has	 not	 yet	 been	 established	 and	more	 research	 should	 be	 performed	 to	 investigate	 the	
preservation	 of	 the	 structural	 components	 of	 the	 ECM,	 since	 is	 known	 that	 the	 decellularization	
process	can	induce	some	alterations	in	the	mechanical	and	structural	characteristics	of	the	ECM	[98,	
270,	277-280].	












All	 porcine	 aortic	 valves	 and	 pericardia	 were	 obtained	 under	 clean	 conditions	 from	 a	 local	
slaughterhouse	 (Ruyckaert	M	 NV,	 Eeklo,	 Belgium),	 transferred	 to	 the	 laboratory	 and	 immediately	
processed.	 Aortic	 valves	 and	 pericardia	were	 dissected	 and	 placed	 in	 Hanks	 buffer	 saline	 solution	
(HBSS)	 medium	 supplemented	 with	 a	 cocktail	 of	 antibiotics	 (100μg/ml	 streptomycin,	 100U/ml	
penicillin,	Gibco,	Life	Technologies)	and	2.5µg/ml	fungizone	(Invitrogen,	Life	Technologies).	Once	the	




Darmstadt,	 Germany),	 dehydrated	 and	 embedded	 in	 paraffin.	 Five-micron-thick	 sections	 were	 cut	
and	stained	with	Hematoxylin/Eosin	 (HE)	 for	 the	histological	evaluation.	The	ECM	was	assessed	by	
several	histochemical	methods.	Alcian	blue,	Orcein	and	Picrosirius	Red	stainings	were	performed	as	
previously	described	to	determine	GAG,	elastin	and	fibrillar	collagens	respectively	[284].	Finally,	4',6-
diamidino-2-phenylindole	 (DAPI)	 was	 used	 for	 the	 identification	 of	 cell	 nuclei	 with	 fluorescent	
microscopy.	
Scanning	Electron	Microscopy	
Samples	 of	 native	 and	 decellularized	 PER/HVL	were	 first	 fixed	 in	 2.5%	of	 glutaraldehyde	 in	 0.05M	
cacodylate	buffer	(pH	7.2)	at	4°C	during	6	hours	and	then	washed	three	times	in	0.05M	cacodylate	
buffer	 (pH	7.2)	at	4°C.	Next,	 the	 samples	were	dehydrated	 in	 increasing	 concentrations	of	ethanol	
(50%,	 70%,	 85%	 and	 100%),	 and	 completely	 dried	 by	 using	 hexamethyldisilazane	 (HMDS).	 Once	





















decellularized	 PER/HVL	 (n=9).	 Following	 tissue	 extraction	 soluble	 collagens	 (acetic	 acid-pepsin	
extraction),	 elastin	 (oxalic	 acid	 extraction)	 and	 N-	 and	 O-sulfated	 GAG	 (papain	 extraction)	 were	












A	 flexural	 indentation	 test	was	 performed	 as	 previously	 described	 [285].	 A	 Loyd	 LF	 Plus	Universal	
material	tester	(Analis	NV,	Suarleé,	Belgium)	with	a	10	newton	(N)	load	cell	in	combination	with	the	






limit	of	 0.1N	was	 set	 as	 the	 zero-indentation	point	 for	 the	 tissues.	Displacement	of	 the	ball-probe	
was	recalculated	to	depth	of	indentation	for	the	tissue	based	on	these	values.		
The	 tissues	 were	 loaded	 with	 the	 ball	 probe	 for	 five	 times,	 by	 applying	 a	 preload	 of	 0.1N.	




(defined	 as	 a	 sudden	 decrease	 in	 load	with	 50%);	 2)	Maximum	 load	 (N)	 (ML):	 the	maximum	 load	




For	 each	 test,	 three	 independent	 experiments	 were	 performed	 in	 triplicate,	 giving	 a	 total	 of	 9	
biological	 relevant	 values	 (n=9).	 Each	 time,	 fresh	 HVL/PER	 were	 isolated	 and	 decellularized.	
Descriptive	statistics	are	 reported	as	 the	mean	with	 the	standard	deviation	between	brackets.	The	
Shapiro-Wilk	 test	 was	 used	 to	 determine	 normality	 of	 the	 variables	 and	 the	 Levene’s	 test	 to	
determine	 homogeneity	 of	 variances.	 Significant	 differences	 between	 PER/HVL	were	 estimated	 by	
analysis	 of	 variance.	 All	 the	 variables	 were	 parametric	 data	 and	 were	 analyzed	 with	 a	 one-way	
ANOVA	test	followed	by	a	post-hoc	Tukey’s	(equal	variances)	or	a	Welch	F	test	followed	by	a	post-
hoc	 Dunnett’s	 T3	 (unequal	 variances)	 using	 the	 commercially	 available	 software	 package	 SPSS	 for	
































an	 increase	 of	 the	 interfibrillar	 spaces	 of	 the	 collagen	 bundles	 compared	 with	 native	 PER,	 which	
showed	 intense	 stained	 dens	 collagen	 fibers.	 On	 the	 other	 hand,	 Orcein	 staining	 did	 not	 show	 a	
distortion	of	the	interspersed	scant	short	elastic	fibers	in	any	of	the	experimental	groups.	In	contrast	
to	 the	 HE	 staining,	 DAPI	 staining	 revealed	 the	 presence	 of	 DNA	 fragments	 in	 all	 the	 SDC	 treated	
tissues	 (group	 4-5).	 Moreover,	 gel	 electrophoresis	 showed	 DNA	 fragments	 of	 >1000bp	 in	 these	
groups,	 whereas	 Triton	 X-100	 1%+ENZ±TRYP	 treated	 tissues	 (group	 2-3)	 did	 not	 show	 any	 DNA	
fragments	(data	not	shown).	
Histology	of	decellularized	porcine	HVL	










(24h)	 treated	 HVL	 (group	 7	 and	 8),	 and	 a	 major	 loss	 in	 the	 SDC	 2%	 (48h)	 treated	 HVL	 (group	 9)	
compared	 to	 native	 tissue.	 Orcein	 staining	 showed	 the	 presence	 of	 elastic	 fibers,	 which	 were	
properly	 organized	 and	 distributed	 throughout	 the	 lamina	 ventricularis	 (LV)	 in	 all	 experimental	
groups.	On	 the	other	hand,	Picrosirius	Red	staining	 showed	a	decrease	 in	 intensity	of	 the	collagen	



























































































































































































































































































































































































































































































































































































































































































































































no	 statistically	 significant	 difference	 observed	 between	 these	 groups	 (Fig.3D).	 A	 small,	 but	 not	
statistically	 significant,	 amount	 of	 soluble	 collagen	 was	 lost	 during	 all	 decellularization	 protocols	
(Fig.3A).	 On	 the	 other	 hand,	 the	 amount	 of	 elastin	 decreased	 statistically	 significant	 in	 all	 the	
decellularized	pericardia	(p<0.01)	compared	with	native	pericardium.	Interestingly,	PER	treated	with	
SDC	 1%	 (48h)	 (group	 5)	 had	 a	 significantly	 higher	 elastin	 content	 after	 decellularization	 compared	
with	PER	decellularized	with	Triton	X-100	1%+ENZ+TRYP	 (group	2)	or	 SDC	1%+ENZ	 (24h)	 (group	4)	






















Triton	 X-100	 1%+ENZ+TRYP	 treated	 tissues	 (group	 7),	 with	 only	 6.2%	 of	 residual	 DNA	 left	 after	
decellularization,	whereas	tissues	treated	with	SDC	1%+ENZ	(24h)	(group	8)	and	SDC	2%	(48h)	(group	
9)	 still	 had	 a	 relatively	 high	 DNA	 content	 of	 respectively	 27.84%	 and	 34.07%.	 This	 difference	was	
statistically	significant	between	group	7	and	9	(p<0.05,	Fig.3D).		
A	 small	 amount	 of	 soluble	 collagen	 was	 lost	 during	 all	 decellularization	 processes,	 which	 was	
statistically	significant	in	the	SDC	1%+ENZ	(24h)	(group	8)	and	SDC	2%	(48h)	(group	9)	decellularized	
HVL	(p<0.05,	Fig.3A).	In	contrast	with	pericardial	tissue,	the	elastin	content	of	the	decellularized	HVL	
was	 not	 significantly	 reduced	 (group	 7-9),	 but	 showed	 similar	 values	 compared	 to	 the	 native	 HVL	
(group	 6,	 Fig.3C).	 Total	 GAG	 content	 of	 all	 decellularized	 tissues	 (group	 7-9)	 was	 significantly	
different	 from	that	of	native	tissues	 (group	6,	p<0.01).	GAG	were	best	preserved	 in	tissues	treated	
with	SDC	2%	(48h)	(group	9,	Fig.3B).	
	
Fig.3:	 Quantitative	 biochemical	 analysis	 of	 soluble	 collagen,	 GAG,	 elastin	 and	 DNA	 content	 of	 native	 and	
decellularized	PER/HVL.	A	small	amount	of	soluble	collagen	and	a	significant	amount	of	GAG	was	lost	during	
the	 decellularization	 process	 of	 both	 PER	 and	 HVL.	 Elastin	 content	 was	 only	 significantly	 reduced	 in	
decellularized	PER.	Total	DNA	content	decreased	significantly	in	all	the	decellularized	tissues.	Error	bars	equal	
95%	 Confidence	 Interval.	 Statistically	 significant	 differences	 are	 determined	 with	 a	 one-way	 ANOVA	 test	
followed	 by	 a	 post-hoc	 Tukey’s	 (Collagen,	DNA	 and	GAG	 content)	 or	 a	Welch	 F	 test	 followed	 by	 a	 post-hoc	
Dunnett’s	T3	(Elastin	content).	*p<0.05;	**p<0.01	indicate	a	statistically	significant	difference	between	native	
and	 decellularized	 tissues.	 #p<0.05	 indicates	 a	 statistically	 significant	 difference	 between	 different	








native	pericardial	 tissue	showed	a	cobblestone-like	microstructure	 (Fig.4.1).	 SEM	revealed	 that	 the	
decellularization	 procedures	 had	 little	 effect	 on	 the	 serosa	 surface	 of	 decellularized	 pericardia	




These	 findings	 also	 applied	 for	 HVL.	 The	 surface	 of	 the	 LF	 of	 native	 HVL	 showed	 a	wavy	 pattern,	
whereas	the	LV	had	a	smooth	surface	(Fig.5.6).	SEM	revealed	that	the	decellularization	procedures	
had	little	effect	on	the	surface	of	the	LF	of	decellularized	heart	valve	leaflets	(Fig.5A,B).	However,	the	
LV	 from	 decellularized	 HVL	 displayed	 a	 loose	 network	 composed	 of	 randomly	 oriented	 fibers	 and	
large	pores	(Fig.5D).	
	
Fig.4:	 Scanning	 electron	 microscopy	 of	 the	 (A,B)	 serosa	 and	 (C,D)	 fibrosa	 surface	 of	 (1)	 native	 and	 (2-5)	
decellularized	pericardial	tissue.	The	surface	of	native	PER	showed	a	cobblestone-like	microstructure,	which	is	
preserved	in	decellularized	PER	from	group	2	and	4.	The	serosa	surface	of	decellularized	PER	was	little	affected	



















wavy	 pattern,	 which	 is	 preserved	 in	 all	 decellularized	 leaflets.	 The	 lamina	 ventricularis	 of	 native	 HVL	 had	 a	
smooth	surface,	which	is	destroyed	after	decellularization	and	decellularized	HVL	displayed	a	loose	network	of	




A	 static	 rupture	 test	 and	 a	 quasi-static	 indentation	 cycle	 test	 were	 performed	 to	 determine	 the	







show	 a	 significant	 increase	 in	 stiffness	 in	 the	 Triton	 X-100	 1%+ENZ+TRYP	 (group	 7)	 and	 the	 SDC	















stiffness	of	heart	 valve	 leaflets	 increased	 significantly	 and	pericardia	had	a	 reduced	work	 to	maximum	 load.	
Error	bars	 equal	 95%	Confidence	 Interval;	 Statistically	 significant	differences	 are	determined	with	 a	Welch	 F	
test	 followed	 by	 a	 post-hoc	 Dunnett’s	 T3.	 *p<0.05;	 **p<0.01	 indicate	 a	 statistically	 significant	 difference	
between	 native	 and	 decellularized	 tissues.	 #p<0.05	 indicates	 a	 statistically	 significant	 difference	 between	
different	decellularization	groups.	[Groups:	1=PER	native;	2=PER	TRITON	X-100	1%+ENZ+TRYP;	3=PER	TRITON	























None	 of	 the	 currently	 used	 decellularization	 techniques	 are	 capable	 of	 removing	 100%	 of	 cellular	
material.	Therefore,	Crapo	et	al.	set	minimal	criteria	to	satisfy	the	intent	of	decellularization;	double-




the	 bioscaffolds	met	 the	 three	minimal	 criteria	 [138].	 In	 this	 study	 Triton	 X-100	 1%+ENZ±TRYP,	 a	
protocol	 optimized	 in	 our	 lab,	was	 validated	 and	 compared	 to	 different	 and	 faster	 protocols	with	




and	heart	 valves.	However,	 the	 amount	 of	 total	DNA	 is	 slightly	 higher	 than	 the	 suggested	 limit	 of	
50ng/mg.	SDC	treatment	(without	enzymes)	has	previously	been	reported	to	generate	cell	free	HVL	
based	on	HE	staining	alone	[281,	289].	In	this	study,	HVL	that	were	decellularized	with	SDC	protocols,	
did	 not	 fulfill	 any	of	 the	 three	 criteria.	 Even	 if	 enzymes	were	 added	 to	 the	protocol	 or	 incubation	
time	was	 increased,	 the	 three	criteria	were	never	 fulfilled	 (group	8-9).	 Interestingly,	HE	staining	of	
SDC	decellularized	PER	(group	4-5)	did	not	show	any	nuclei.	However,	when	further	analyzed,	they	
did	not	meet	the	three	criteria.		





By	 contrast,	 some	groups	 claim	 that	 tissue	 structure	 is	 preserved	when	using	 SDC	or	 Triton	X-100	






(SDC	 1%+ENZ	 (24h)	 and	 SDC	 2%	 (48h))	 also	 showed	 a	 significant	 reduction	 of	 soluble	 collagen.	
However,	 soluble	 collagens	were	preserved	 in	HVL	decellularized	with	Triton	X-100	1%+ENZ+TRYP.	




distribution	 in	 HVL	 [98,	 277].	 For	 pericardial	 tissue,	 Dong	 et	 al.	 found	 that	 SDC	 treatment	 could	
disrupt	elastic	fibers,	whereas	Yang	et	al.	showed	that	elastic	fibers	were	preserved	with	Triton	X-100	
treatment	 [286,	 288].	 In	 our	 study,	 histological	 staining	 and	 quantitative	 analysis	 showed	
preservation	 of	 elastic	 fibers	 in	 decellularized	 HVL.	 By	 contrast,	 quantitative	 analysis	 revealed	 a	
significant	decrease	of	elastin	content	of	decellularized	PER.	The	reason	why	detergents	have	more	
impact	on	elastin	of	pericardial	tissues	could	be	explained	by	the	different	levels	of	organization	and	
assembly	 of	 these	 elements	 in	 the	 stroma.	 Elastic	 fibers	 with	 low	 levels	 of	 organization	 could	 be	
more	susceptible	to	degradation	or	solubilization	by	the	decellularization	agents.			
Another	major	component	of	the	ECM	are	the	GAG,	which	are	found	throughout	the	entire	parietal	
PER	 and	 predominantly	 in	 the	 spongiosa	 layer	 of	 the	 HVL.	 Some	 groups	 claim	 that	 SDC	 does	 not	




mechanical	properties	and	could	 contribute	 to	 tissue	degeneration	and	 failure	of	biological	 valves.	
Lee	et	al.	showed	that	elastin	impairment	could	distend	the	valve	leaflets,	reduce	their	extensibility	




decellularization,	 and	 a	 reduction	 of	 extensibility	 of	 the	 tissue.	 Although	 stiffness	 was	 not	
significantly	 affected,	 decellularized	 pericardial	 tissue	 was	 more	 brittle	 and	 had	 a	 decreased	
maximum	load.		
Histochemical	staining	and	biochemical	assays	are	useful	tools	for	the	specific	evaluation	of	different	
ECM	molecules,	 but	 they	 do	 not	 allow	 the	 observation	 of	 the	 3D	 structure	 of	 the	 ECM	with	 high	
accuracy.	 In	 order	 to	 analyze	 tissue	 surface	 ultrastructure,	 a	 SEM	 analysis	 was	 performed.	 In	















HVL	 on	 the	 surface	 level.	 Some	 groups	 state	 that	 SDC	 and	 Triton	 X-100	 do	 not	 alter	 the	 surface	
ultrastructure	 of	 tissues	 [278,	 287,	 288],	 whereas	 others	 showed	 that	 after	 decellularization	 with	
trypsin	or	Triton	X-100,	the	LF	and	LV	from	HVL	displayed	a	 looser	ECM	network	and	the	matrix	of	





In	 this	 study,	 the	 combination	 of	 histological,	 quantitative	 biochemical	 and	mechanical	 tests	were	








the	 purpose	 of	 tissue	 engineering	 of	 heart	 valves,	 it	 is	 advisable	 to	 use	 valvular	 rather	 than	







































yet	been	developed.	This	 study	 focused	on	 sequentially	 seeding	 two	cell	 populations	onto	porcine	
decellularized	heart	valve	leaflets	(HVL)	and	pericardia	(PER)	to	obtain	fully	repopulated	tissues.	For	
the	 repopulation	 of	 the	 interstitium,	 porcine	 valvular	 interstitial	 cells	 (VIC)	 and	 bone	 marrow	 or	
adipose	derived	stem	cells	(BM-MSC	and	ADSC	respectively)	were	used.	 In	parallel,	ascorbic	acid	2-
phosphate	 (AA)	 was	 supplemented	 to	 the	 stem	 cell	 medium	 and	 its	 effect	 on	 recolonization	 was	
















The	 prevalence	 of	 heart	 valve	 diseases	 increases	with	 age	 and	 is	 affecting	more	 than	 five	million	
people	 in	 the	United	 States	 [267].	 Heart	 valve	 replacements	 by	mechanical	 or	 bioprosthetic	 heart	
valves	remain	mandatory	for	end-stage	valvulopathy.	Unfortunately,	one	of	the	main	problems	of	all	
clinically	 used	 valve	 substitutes	 is	 the	 inability	 to	 grow,	 repair	 or	 remodel	within	 the	patient	 since	
they	are	made	of	non-viable	material,	which	 is	 especially	needed	 in	 the	pediatric	 and	young	adult	
population	 as	 they	 outgrow	 valve	 replacements,	 resulting	 in	 multiple	 re-operations	 [98].	 To	






either	 be	 from	 human	 (allogeneic)	 or	 animal	 (xenogeneic)	 origin.	 Over	 the	 past	 25	 years,	 the	
availability	of	 valve	allografts	was	a	major	problem	as	 suitable	valves	 can	only	be	prelevated	 from	
organ	donors	whose	hearts	were	not	accepted,	or	recipients	of	heart	transplants	[76].	On	the	other	
hand,	 xenogeneic	 tissues	 (bovine	 or	 porcine	 pericardium,	 porcine	 small	 intestinal	 submucosa	 and	
porcine	or	ovine	heart	valves)	are	readily	available	[131].	
Decellularization	 is	 the	 process	 used	 in	 biomedical	 engineering	 to	 remove	 all	 cells	 and	 cellular	
components	from	a	tissue,	while	retaining	the	extracellular	matrix	(ECM)	structure	and	proteins,	and	
providing	 a	 biomechanically	 sufficient	 scaffold	 that	 allows	 efficient	 reseeding	 [298].	 Complete	
decellularization	of	tissues	remains	crucial	to	minimize	or	to	avoid	an	adverse	immunologic	response	









(VIC)	or	VIC-like	 cells	 should	be	present	 throughout	 the	entire	 interstitium	and	 tissues	 should	also	















[173,	 300],	 fibroblasts	 (Fb)	 [301],	 endothelial	 (progenitor)	 cells	 (EC),	 or	 mesenchymal	 stem	 cells	
(MSC)	 [105,	 302].	 Among	 all	 these	 cells,	 MSC	 offer	 some	 advantages	 for	 autologous	 clinical	
employment;	they	are	easily	accessible	and	easy	to	isolate	from	patients,	can	be	culture-expanded	to	
a	 large	 number	 in	 a	 matter	 of	 days,	 have	 a	 minimal	 risk	 of	 immunogenicity	 [179],	 and	 they	
phenotypically	 resemble	 to	 valve	 cells	 [183-185].	 But	most	 important,	 they	 possess	 a	multilineage	
differential	 potential	 (adipo-,	 chondro-,	 osteo-lineage),	 and	 it	 has	 been	 shown	 that	 they	 can	 be	
converted	 into	 EC,	 Fb/MFb,	 and	 smooth	 muscle	 cells	 (SMC)	 [180,	 181].	 Only	 few	 studies	 have	
focused	 on	 sequentially	 seeding	 two	 cell	 populations	 onto	 acellular	matrices	 to	 obtain	 completely	




the	 main	 ECM	 components	 [304].	 The	 aim	 of	 this	 study	 was	 to	 statically	 repopulate	 these	
decellularized	tissues	 in	vitro	to	generate	viable	tissues	within	2	weeks.	For	the	repopulation	of	the	













Porcine	 aortic	 valve	 leaflets	 were	 dissected	 and	 VEC	were	 isolated	 by	mechanically	 removing	 the	
endothelial	 layer	 of	 the	 HVL	 with	 a	 cell	 scraper	 after	 incubating	 them	 at	 37°C	 for	 30	 minutes	 in	
Dulbecco's	Modified	Eagle	Medium	(DMEM,	Life	Technologies)	supplemented	with	0.1%	collagenase	
type	 1	 and	 0.12%	 dispase	 (Sigma).	 The	 cell-solution	 was	 filtered	 with	 a	 70µm	 cell	 strainer,	 and	
centrifuged.	Cells	were	cultivated	in	complete	DMEM	(cDMEM:	DMEM	supplemented	with	10%	v/v	
FCS	 (Life	 Technologies),	 100U/ml	 penicillin	 and	 100µg/ml	 streptomycin	 (Life	 Technologies))	
supplemented	with	1%	v/v	non-essential	amino	acids	100x	(Life	Technologies),	50µg/ml	endothelial	
cell	growth	supplement	(Sigma),	1mM	sodium	pyruvate	(Life	Technologies),	10U/ml	heparin	(Sigma)	
in	 a	 humidified	 5%	 CO2-containing	 atmosphere	 at	 37°C.	 Next,	 VIC	 were	 isolated	 by	 mincing	 the	
leaflets	and	incubating	them	at	37°C	for	4	hours	in	DMEM	supplemented	with	0.1%	collagenase	type	
1.	 Afterwards	 the	 cell-solution	was	 filtered	with	 a	 70µm	 cell	 strainer,	 and	 centrifuged.	 Cells	 were	




Department,	 Ghent	 University	 Hospital).	Mononuclear	 cells	 from	 BM-aspirates	 were	 isolated	with	
Lymphoprep	 (Stemcell	 technologies)	 by	 gradient	 centrifugation	 at	 a	 density	 of	 1.077g/ml,	washed	
two	 times	 with	 PBS,	 and	 seeded	 in	 a	 T175	 flask	 filled	 with	 cDMEM.	 After	 24	 h	 incubation,	 non-
adherent	 cells	were	 discarded,	whereas	 adherent	 cells	were	washed	 twice	 and	 fresh	 cDMEM	was	




Adipose	 derived	 stem	 cells	 (ADSC)	 were	 isolated	 from	 porcine	 subcutaneous	 fat	 tissue	 (obtained	
from	the	Experimental	Surgery	Department,	Ghent	University	Hospital).	Tissue	was	washed	with	PBS,	
minced	 into	 mm	 pieces	 and	 incubated	 at	 37°C	 for	 2	 hours	 in	 DMEM	 supplemented	 with	 0.1%	
collagenase	 type	 1.	 The	 cell-solution	was	 filtered	with	 a	 70µm	 cell	 strainer,	 and	 centrifuged.	 Cells	



















24	 well	 plates.	 After	 1	 day,	 cDMEM	 was	 replaced	 with	 differentiation	 medium.	 Adipogenic	
differentiation	 was	 induced	 for	 14	 days	 in	 the	 presence	 of	 cDMEM	 supplemented	 with	 1µM	
dexamethasone,	 200µM	 indomethacin,	 10µg/mL	 insulin,	 0.5mM	 3-Isobutyl-1-methylxanthine	 (all	
from	 Sigma).	 Osteogenic	 differentiation	 was	 induced	 for	 14	 days	 in	 the	 presence	 of	 cDMEM	
supplemented	 with	 10mM	 β-glycerophosphate,	 100µM	 ascorbic	 acid	 2-phosphate,	 100nM	
dexamethasone	 (all	 from	 Sigma).	 To	 evaluate	 the	 presence	 of	 neutral	 lipids	 or	 calcium	deposition	
cells	 were	 stained	 with	 Oil	 Red	 O	 or	 Von	 Kossa	 respectively.	 For	 chondrogenic	 differentiation,	 a	
three-	dimensional	pellet	culture	system	was	used.	Pellets	were	 formed	by	centrifugation	of	1*106	
cells	in	2ml	Eppendorf	micro	centrifuge	tubes.	All	tubes	were	maintained	in	an	incubator	at	37°C	with	
a	 humidified	 atmosphere	 of	 5%	 CO2.	 After	 1	 day,	 cDMEM	 medium	 was	 replaced	 with	 STEMPro	
Chondrogenesis	Differentiation	Medium	 (Invitrogen)	and	carefully	 refreshed	every	 third	day	 for	21	
days.	 Sections	 of	 these	 pellet	 were	 stained	 with	 Alcian	 Blue	 to	 evaluate	 the	 presence	 of	






used	 according	 to	 the	 manufacturer’s	 protocol.	 A	 7500	 Fast	 Real-Time	 PCR	 system	 (Applied	
Biosystems)	and	a	SYBR	Green	PCR	kit	(Life	Technologies)	were	used	according	to	the	manufacturer’s	
instructions	and	protocols.	Primer	details	are	listed	in	Table	1.		
Stability	 of	 six	 reference	 genes	was	 determined	 and	 the	 two	most	 stable	 reference	 genes	 (ADSC:	
ActB	 and	 HPRT1,	 BM-MSC:	 ActB	 and	 EEF1A1)	 were	 selected	 via	 geNORM	 (qbase+	 software,	
Biogazelle).	 Gene	 expression	 analysis	 was	 normalized	 to	 the	 geometric	 mean	 of	 these	 reference	
genes.		




















HVL	 or	 onto	 the	 fibrous	 layer	 of	 PER	 and	 statically	 cultivated	 for	 7	 days.	Next,	 a	 concentration	 of	
2*105	 VEC	 /cm²	 was	 seeded	 onto	 the	 LV	 of	 decellularized	 HVL	 or	 onto	 the	 fibrous	 layer	 of	 PER	



















EEF1A1	 NM_001097418.2	 CAACATGCTGGAGCCAAGTG	 AGTGTGGTTCCACTGGCATT	 87	 94.2	










NM_001164650.1	 GGACCCTGTGAAGCACCAG	 GTCACCCACGTAGCTGTCTT	 198	 98.9	































Alpha-1	type	I	collagen	 COL1A1	 XM_005668927.1	 AGACATCCCACCAGTCACCT	 TCACGTCATCGCACAACACA	 122	 96.9	
Alpha-1	type	II	collagen	 COL2A1	 XM_001925959.5	 GATGTTGGTGAGAAAGGCCC	 GTCCAGTCTCTCCACGTTCA	 181	 91.0	




















HVL	 and	 PER	 were	 fixed	 (4%	 paraformaldehyde,	 Merck,	 Darmstadt,	 Germany),	 dehydrated	 and	
embedded	 in	paraffin.	 Five-micron-thick	 sections	were	cut	and	 stained	with	Hematoxylin/Eosin	 for	
histological	evaluation.	An	 immunohistochemical	anti	Pecam-1	 (CD31)	 staining	 for	endothelial	 cells	
was	performed:	sections	were	subjected	to	heat-induced	antigen	retrieval	(citric	acid	buffer,	pH=6),	
endogenous	 peroxidase	was	 quenched	 using	 3%	 v/v	 H202	 for	 10min,	 and	 a	 30min	 treatment	with	
blocking	reagent	(5%	v/v	normal	swine	serum	(Dako),	1%	w/v	BSA	(Roche),	0.2%	v/v	Tween	20	(VWR)	
in	 PBS)	was	 performed.	 The	 sections	were	 incubated	with	 the	 primary	 antibody	 (polyclonal	 rabbit	
anti-	 CD31	 (Santa	 Cruz,	 SC1506R),	 dilution	 1:500)	 for	 2h	 and	 subsequently	 with	 the	 secondary	
antibody	 (goat	 anti-rabbit	 (Dako,	 E0432),	 dilution	 1:200)	 for	 30	 min.	 A	 3,3-diaminobenzidine	




Samples	 of	 native	 and	 decellularized	 PER/HVL	were	 first	 fixed	 in	 2.5%	of	 glutaraldehyde	 in	 0.05M	
cacodylate	buffer	(pH	7.2)	at	4°C	during	6	hours	and	then	washed	three	times	in	0.05M	cacodylate	
buffer	 (pH	7.2)	at	4°C.	Next,	 the	 samples	were	dehydrated	 in	 increasing	 concentrations	of	ethanol	
















































The	 Shapiro-Wilk	 test	 was	 used	 to	 determine	 normality	 of	 the	 variables.	 All	 the	 variables	 were	
parametric	data	and	were	analyzed	with	a	student	t-test	using	the	commercially	available	software	
package	 SPSS	 for	 windows,	 version	 23.0	 (SPSS	 GmbH	 Software,	 München,	 Germany).	 Descriptive	


















When	 cultured	 in	 an	 osteogenic	 medium,	 spindle	 shaped	 BM-MSC	 and	 ADSC	 adopted	 a	 more	
elongated	 phenotype	 and	 a	 mineralization	 of	 the	 ECM	 of	 both	 stem	 cell	 populations	 occurred.	
Deposited	calcium	phosphate	of	the	mineralized	nodules	was	confirmed	by	highly	positive	von	Kossa	
staining	at	day	21	(Fig.1.A).	Morphologic	changes	and	the	formation	of	vacuoles	was	observed	at	two	
weeks	 after	 adipogenesis	 induction.	 The	 adipocytes	 were	 rounded	 and	 filled	 with	 neutral	 lipid	
droplets	that	accumulated	and	fused	to	form	vacuoles	which	could	be	stained	by	Oil	Red	O	(Fig.1.B).	









Fig.1:	 Trilineage	 differentiation	 of	 multipotent	 porcine	 stem	 cells	 (BM-MSC	 and	 ADSC).	 (A)	 Osteogenic	
differentiation	was	evaluated	by	von	Kossa	staining	at	day	21	(Scale	bar	=	50µm,	original	magnification	x20).	(B)	
Adipogenic	 differentiation	 potential	was	 shown	 by	Oil	 Red	O	 staining	 at	 day	 14	 (Scale	 bar	 =	 20µm,	 original	












When	 culture	 medium	 was	 supplemented	 with	 AA,	 α-SMA	 mRNA	 levels	 were	 significantly	
upregulated	in	BM-MSC	(p=0.006)	as	well	as	in	ADSC	(p=0.037).	Also,	collagen	type	I	(only	BM-MSC)	
and	to	a	 lesser	extent	collagen	type	III	expression	levels	 increased.	Yet,	this	was	only	significant	for	
collagen	 type	 I	 in	 BM-MSC	 (p=0.042).	 No	 differences	 in	 vimentin	 and	 the	 stem	 cell	 markers:	






compared	with	BM-MSC	and	ADSC	 cultivated	 in	 standard	 culture	medium.	Data	 is	 presented	as	mean	and	
error	 bars	 indicate	 the	 95%	 confidence	 interval.	 Statistically	 significant	 differences	 compared	 to	 standard	
cultured	cells	are	marked	with	*p<0.05.	Gene	expression	values	are	normalized	to	the	geometric	mean	of	two	





















HVL/PER,	 darkly	 purple	 stained	 nuclei	 are	 present	 on	 the	matrix	 surface	 and	 interstitium	 of	 both	
tissues.	After	decellularization,	no	remaining	nuclear	material	could	be	detected	by	HE	staining	of	the	










Fig.3:	 Light	 microscopy	 of	 native	 and	 acellular	 heart	 valve	 leaflets	 (HVL)	 and	 pericardia	 (PER).	 HE;	




























Figure	 6.	 After	 14	 days,	 HVL	 were	 completely	 repopulated	 with	 VIC,	 which	 showed	 a	 normal	
mesenchymal	fibroblast-like	morphology,	with	a	fully	spread	shape,	and	were	distributed	uniformly	
throughout	 the	 interstitium	at	 approximately	 the	 same	density	 as	 native	HVL.	 VIC	 also	 seemed	 to	
migrate	 well	 throughout	 the	 fibrosa	 of	 PER.	 However,	 no	 cells	 were	 seen	 in	 the	 serosa	 layer.	 In	
parallel,	 tissues	were	 seeded	 on	 both	 sides	with	 VEC	 for	 7	 days.	 Endothelial	 cells	 adhered	 to	 the	
surface	of	both	tissues	and	formed	a	thin	confluent	layer.	An	anti-CD31	staining	was	performed,	to	
confirm	the	endothelial	origin	of	these	cells.	To	obtain	repopulated	tissues	with	VIC	and	VEC,	14-day	
co-culture	 repopulation	 experiments	were	 performed.	 After	 7	 days	 of	 repopulation	with	 VIC,	 VEC	
were	seeded	onto	the	surface	of	both	tissues	for	another	7-days	culture.	The	HE	staining	of	the	co-
























When	 stem	 cells,	 cultured	 in	 standard	 culture	medium	 (-AA),	 were	 seeded	 onto	 the	 ventricularis	
layer	of	HVL,	no	(ADSC)	or	little	(BM-MSC)	cell	ingrowth	could	be	detected	and	ADSC	seemed	to	not	
attach	 well	 to	 the	 surface.	 Supplementation	 of	 AA	 to	 stem	 cell	 cultures	 prior	 to	 seeding,	 greatly	
increased	repopulation	capacity.	ADSC	did	attach	to	the	leaflets	and	a	small	number	of	cells	migrated	
superficially.	 Interestingly,	after	14	days,	BM-MSC	repopulated	 the	entire	 leaflet,	 showed	a	normal	
mesenchymal	 fibroblast-like	 morphology,	 and	 were	 distributed	 uniformly	 throughout	 the	






repopulation	of	 the	 interstitium	 (complete	with	BM-MSC,	only	 superficially	with	ADSC),	 and	a	 thin	









PER,	no	cell	 ingrowth	and	only	 little	 cell	 attachment	 could	be	detected.	 Supplementation	of	AA	 to	
stem	cell	cultures	prior	to	seeding,	 lightly	 increased	repopulation	capacity.	Stem	cells	did	attach	to	
the	 leaflets	 and	 a	 small	 number	of	 cells	migrated	 superficially	 (ADSC)	or	 scattered	 throughout	 the	
















seeded	 onto	 the	 surface	 of	 PER	 for	 another	 7-days	 culture.	 The	 HE	 staining	 of	 the	 co-culture	
experiments	showed	scarcely	repopulation	of	the	interstitium	(scattered	repopulation	with	BM-MSC,	
only	 superficially	 with	 ADSC),	 and	 a	 thin	 confluent	 layer	 of	 cells	 at	 the	 surface.	 A	 positive	 CD31	
staining	confirmed	that	the	surface	layer	consisted	of	endothelial	cells.		
	
Fig.8:	 Static	 repopulation	 of	 PER	 with	 BM-MSC	 (upper	 part)	 or	 ADSC	 (lower	 part)	 ±	 AA	 and	 VEC.	 HE;	






7	days,	 the	surface	morphology	of	 reseeded	 leaflets	was	comparable	 to	 the	endothelium	of	native	






Tissue-engineered	 constructs	 from	 allogeneic	 or	 xenogeneic	 decellularized	 valve	 scaffolds	 covered	
with	 autologous	 cells	 are	 considered	 as	 potential	 valve	 replacements.	 Given	 the	 paucity	 of	 organ	
donations,	 it	will	 be	 imperative	 to	 rely	 on	 the	 readily	 available	 animal	 organs	 to	 create	new	valve	




for	up	 to	3	months,	 showed	partial	degeneration	and	no	 interstitial	 tissue	 reconstitution,	whereas	
the	 in	 vitro	 seeded	 counterparts,	 although	 not	 completely	 repopulated	 in	 vitro,	 showed	 partial	
restitution	of	the	endothelium,	interstitial	cell	population,	and	matrix	synthesis	[305].	To	date,	only	
few	 studies	 have	 focused	 on	 sequentially	 seeding	 two	 cell	 populations	 onto	 acellular	 matrices	 to	
obtain	 completely	 (interstitium	 and	 surface)	 repopulated	 tissues	 [173,	 300].	 So	 far,	 only	 Schenke-
Layland	 et	 al.	 succeeded	 in	 the	 complete	 repopulation	 of	 decellularized	 HVL,	 by	 using	 a	 dynamic	
culture	system	(bioreactor),	and	Fb	and	EC	as	a	cell	source	[173].		









MSC	 have	 shown	 considerable	 promise	 for	 HVTE,	 as	 they	 phenotypically	 resemble	 to	 valve	 cells.	
Previous	 studies	 have	 reported	 that	 MSC	 share	 many	 characteristics	 of	 VIC,	 are	 able	 to	 produce	
collagen	in	response	to	cyclic	stretch	and	to	produce	heart	valve	ECM	components	in	vitro	[183-186].	
Only	 few	 studies	have	 investigated	 the	 feasibility	of	 repopulating	 the	 interstitium	of	decellularized	



















in	 the	 descending	 thoracic	 aorta	 in	 a	 sheep	model.	 Complete	 recellularization	was	 established	 19	
months	 post-implantation,	 however,	 no	 data	 was	 shown	 concerning	 the	 efficacy	 of	 the	 in	 vitro	
repopulation	of	the	aortic	valve	conduits	[302].	In	the	other	study,	Iop	et	al.	statically	seeded	human	
BM-MSC	onto	the	lamina	fibrosa	or	ventricularis	of	porcine	and	human	pulmonary	valve	leaflets	for	
30	 days,	 and	 showed	 that	 the	 2	 valve	 layers	 behaved	 differently	 regarding	 BM-MSC	 repopulation	
potential,	with	a	higher	degree	of	spreading	when	cells	were	seeded	onto	the	 lamina	ventricularis.	






[188].	 In	 addition,	 AA	 is	 an	 anti-oxidant	 and	 can	 protect	 cells	 against	 oxidative	 stress-induced	 cell	
damage	[310-312].		
After	14	days,	only	little	cell	attachment	and	no	cell	ingrowth	of	both	stem	cell	populations	could	be	
detected	 in	 decellularized	 PER.	 However,	 a	 small	 population	 of	 BM-MSC	 attached	 and	 migrated	
through	 decellularized	 HVL.	 Interestingly,	 when	 AA	 was	 supplemented	 to	 the	 stem	 cell	 culture	
medium	 before	 and	 during	 the	 static	 reseeding,	 there	 was	 a	 remarkable	 increase	 in	 migratory	
capacity	of	both	 stem	cell	populations,	especially	 in	 the	BM-MSC	which	 repopulated	 the	 complete	
interstitium	of	HVL	within	14	days	(Fig.7-8).	We	want	to	acknowledge	that	the	exact	mechanism	by	






recellularized	 acellular	 scaffolds	 into	 animal	 models	 and	 humans	 [151,	 314-316].	 However,	
incomplete	 repopulation	of	 the	 interstitium,	 even	2-6	months	 [151,	 314,	 315]	 or	 20	months	 [316]	












cellular	 adhesive	properties	 of	 endothelial	 cells	 on	 acellular	HVL	 leading	 to	 a	 confluent	monolayer	
[292].	 However,	 to	 our	 knowledge	 this	 is	 the	 first	 time	 that	 endothelial	 cells	 were	 seeded	 onto	
decellularized	porcine	PER.	By	histological	staining	(Fig.6)	we	were	able	to	demonstrate	a	confluent	
monolayer	of	VEC	on	HVL	as	well	as	on	PER	after	7	days.	Ultrastructure	analysis	by	SEM	showed	that	






complete	 repopulation	 of	 the	 interstitium	 of	 Triton	 X-100	 non-coated	 decellularized	 heart	 valve	
tissue	 was	 demonstrated	 in	 vitro.	 Compared	 with	 ADSC,	 BM-MSC	 showed	 greater	 migratory	
potential	and	recolonized	HVL	more	efficient	than	PER	tissue.	This	study	also	showed	that	within	14	


































































AIMS:	 The	major	 challenge	of	working	with	 valvular	 interstitial	 cells	 in	 vitro	 is	 the	preservation	or	
recovery	of	their	native	quiescent	state.	In	this	study,	a	biomimetic	approach	is	used	which	aims	to	




for	 22	 days.	 Histology	 showed	 viable	 aggregates	 with	 normal	 nuclei	 and	 without	 any	 signs	 of	
calcification.	Aggregates	 stained	 strongly	 for	GAG	and	 collagen	 I	 and	 reticular	 fibers	were	present.	
ECM	 formation	was	 quantified	 and	 showed	 a	 significant	 increase	 of	 GAG,	 elastin	 and	 Col	 I	 during	






able	 to	 produce	 their	 own	 ECM,	 resembling	 the	 native	 valve	 composition.	 The	 applied	 and	







Scaffold-free,	 self-assembled	 high-quality	 valvular	 microtissues,	 that	 mimic	 the	 function	 and	
architecture	of	in	vivo	tissues	are	promising	for	the	biofabrication	of	tissue	engineered	heart	valves.	
Microtissues	can	be	used	for	bottom-up	tissue	engineering,	which	aims	to	create	biomimetic	tissues	
by	 mimicking	 native	 microstructural	 functional	 tissue	 blocks	 and	 using	 these	 modular	 units	 as	
building	 blocks	 to	 engineer	 larger	 tissue	 constructs	 [99,	 100].	 Besides	 their	 use	 in	 regenerative	
medicine,	 the	 strategy	 proposed	 to	 create	 microtissues	 might	 be	 an	 important	 step	 towards	 a	
relevant	3D	in	vitro	model	of	the	heart	valve	to	provide	important	insights	into	valve	(patho)biology,	
for	toxicology	testing	and	drug	discovery	[170].		
As	 a	 rule,	 tissue	 engineering	 requires	 the	 generation	 of	 living	 functional	 tissue	 whose	 cellular	
components	 assume	 a	 homeostatic	 functional	 state.	 Valvular	 interstitial	 cells	 (VIC)	 are	 the	 most	
abundant	 cell	 type	 in	 heart	 valve	 leaflets	 and	 are	 responsible	 for	 ECM	 synthesis,	 repair	 and	
remodeling	 [14].	 In	 normal	 heart	 valve	 tissue,	 although	 the	 leaflets	 are	 constantly	 deformed	 and	
under	stress,	the	majority	of	VIC	are	in	a	quiescent	state	(qVIC)	and	have	a	fibroblast-like	phenotype,	
low	 proliferation	 capacity	 and	minimal	 activity	 [33,	 34].	 VIC	 remain	 in	 this	 quiescent	 state	 in	 the	
absence	of	disease	throughout	life	to	maintain	extracellular	matrix	(ECM)	homeostasis	[36-38].	Some	
studies	 suggest	 that	 qVIC	 can	 become	 activated	 (aVIC)	 during	 valve	 injury	 or	 under	 pathological	
conditions.	 These	 aVIC	 are	 more	 contractile,	 have	 a	 higher	 proliferation	 rate	 and	 upregulate	 the	





as	 the	 expression	 of	 the	 transcription	 factors:	 Sox9	 [46,	 47],	 runt	 related	 transcription	 factor	 2	
(Runx2	 or	 also	 known	 as	 Cbfa1)	 [45-47]	 and	 early	 growth	 response	 1	 (Egr-1)	 [320]	 are	 elevated.	
These	 markers	 provide	 a	 useful	 tool	 to	 determine	 how	 VIC	 phenotype	 responds	 in	 different	 cell	
cultures,	treatments	or	environments.	To	date,	it	is	still	unclear	whether	these	obVIC	arise	from	qVIC	
or	aVIC	[1,	14,	48].		
One	 of	 the	 main	 problems	 of	 working	 with	 VIC	 is	 the	 control	 of	 their	 activated/quiescent	 state.	
Culture	of	cells	in	a	2D	environment	often	results	in	the	loss	of	cellular	differentiation	or	loss	of	cell	

















could	 preserve	 or	 regain	 their	 native,	 fibroblast-like	 quiescent	 phenotype	 while	 promoting	 VIC-
mediated	 ECM	 production,	 could	 be	 promising	 for	 the	 development	 of	 a	 tissue	 engineered	 living	
valve	substitute.	
Recently,	three-dimensional	(3D)	cell	culture	has	gained	interest	in	tissue	engineering	due	to	the	fact	
that	 it	 overcomes	 the	 limitations	 of	 the	 conventional	 two-dimensional	 (2D)	 cell	 culture	 conditions	
and	 a	 wide	 variety	 of	 techniques	 exist	 to	 culture	 cells	 into	 3D	 structures	 [163].	 One	 of	 the	most	
commonly	 used	 cell	 driven	 approaches	 currently	 available	 are	 the	 micromass	 cultures	 (homo-
/heterotypic	aggregates)	[165]	(See	Chapter	I;	4.1.2).		
The	 aim	 of	 this	 study	 was	 to	 use	 a	 agarose-molded	 non-adhesive	 microwells	 to	 guide	 the	















cocktail	 of	 antibiotics	 (100	μg/ml	 streptomycin,	 100	U/ml	penicillin,	 Life	 Technologies)	 and	2.5µg/l	
fungizone	 (Life	Technologies).	Before	VIC	could	be	 isolated,	 the	endothelial	 layer	was	mechanically	
removed	 from	 the	 surface	 of	 the	 leaflets	with	 a	 cell	 scraper	 after	 incubating	 them	 at	 37°C	 for	 30	
minutes	in	Dulbecco's	Modified	Eagle	Medium	(DMEM,	Life	Technologies)	supplemented	with	0.1%	
collagenase	 type	 I	and	0.12%	dispase	 (Sigma).	Next,	VIC	were	 isolated	by	 incubating	 the	 leaflets	at	
37°C	for	4	hours	in	DMEM	supplemented	with	0.1%	collagenase	type	I.	Afterwards	the	cell-solution	
was	 filtered	 with	 a	 70µm	 cell	 strainer,	 and	 centrifuged.	 Cells	 were	 cultivated	 in	 standard	 culture	





To	 produce	 the	 non-adherent	 agarose	 microwells,	 sterilized	 powder	 Ultrapure	 Agarose	 (Life	
Technologies)	 was	 dissolved	 (3%	 w/v)	 in	 PBS	 and	 heated	 until	 boiling	 point.	 The	 liquid	 agarose	
solution	was	added	to	a	tailor-made,	negative	polydimethylsiloxane	(PDMS)	mold	and	left	to	solidify	
at	RT.	After	cooling,	 the	gels	were	separated	from	the	molds	and	subsequently	 transferred	 into	12	
well	culture	plates	as	previously	described	[324].	Micro-aggregates	were	generated	by	seeding	1x106	
VIC	 (P4)	 into	 the	 microwells.	 Every	 micro-aggregate,	 formed	 in	 one	 pore	 of	 the	 microchip	 (pore	
diameter=400µm),	 contained	 approximately	 629	 cells.	 Aggregates	 were	 cultivated	 in	 standard	
culture	medium	or	 standard	 culture	medium	supplemented	with	250µM	AA	 (Sigma).	Medium	was	
replenished	24h	after	seeding	and	hereafter,	every	three	days.	Micro-aggregates	were	harvested	at	

























0.2%	 v/v	 Tween	 20	 (VWR)	 in	 PBS)	was	 performed.	 The	 samples	were	 incubated	with	 the	 primary	
antibody	(monoclonal	mouse	anti-collagen	I	(Abcam,	6308),	dilution	1:100)	for	2h	and	subsequently	
with	 the	 secondary	 antibody	 (rabbit	 anti-mouse	 (Dako,	 P0397),	 dilution	 1:200)	 for	 30	min.	 A	 3,3-
diaminobenzidine	 tetrahydrochloride	 substrate	 (Sigma)	 was	 used	 to	 visualize	 the	 horse	 radish	
peroxidase	coupled	 secondary	antibody.	 Sections	were	 counterstained	with	hematoxylin,	mounted	
and	visualized	under	the	microscope.		
Micro-aggregate	viability	(Live/dead	fluorescence	staining)	
To	 assess	 the	 cell	 viability,	 micro-aggregates	 were	 collected	 and	 washed	 twice	 with	 PBS	 and	
incubated	 for	10min	with	2µg/ml	calcein-AM	(AnaSpec)	and	2µg/ml	propidium	 iodide	 (Sigma).	Cell	
viability	 was	 evaluated	 by	 determining	 the	 ratio	 of	 green	 (live)	 versus	 red	 (dead)	 cells	 using	 an	
inverted	fluorescence	microscope	(Olympus	IX81)	equipped	with	Xcellence	software	(Olympus).		
Gene	expression	analysis	(RT-qPCR)	
Total	 RNA	 (n=3)	 was	 isolated	 from	 VIC	 aggregates	 using	 a	 lysis	 buffer	 (RLT	 buffer,	 Qiagen).	 The	
concentration	and	purity	of	the	isolated	RNA	was	determined	by	a	NanoDrop.	To	convert	RNA	into	
cDNA,	 the	High	Capacity	 cDNA	Reverse	Transcription	Kit	 (Life	Technologies)	was	used	according	 to	
the	manufacturer’s	 protocol.	 A	 7500	 Fast	 Real-Time	 PCR	 system	 (Applied	 Biosystems)	 and	 a	 SYBR	
Green	 PCR	 kit	 (Life	 Technologies)	 were	 used	 according	 to	 the	 manufacturer’s	 instructions	 and	
protocols.	Primer	details	are	listed	in	Table	1.		
Stability	of	 six	 reference	genes	was	determined	and	 the	 two	most	 stable	 reference	genes	 (EEF1A1	
and	HPRT)	were	 selected	via	 geNORM	 (qbase+	 software,	Biogazelle).	Gene	expression	analysis	was	
normalized	to	the	geometric	mean	of	these	reference	genes.		














(n=6).	 Following	 tissue	 extraction,	 elastin	 (oxalic	 acid	 extraction),	 N-	 and	 O-sulfated	 GAG	 (papain	
extraction),	 hydroxyproline	 (HCL	 hydrolysis)	 were	 quantified	 using	 FASTIN	 (Biocolor),	 BLYSCAN	




The	 Shapiro-Wilk	 test	 was	 used	 to	 determine	 normality	 of	 the	 variables.	 All	 the	 variables	 were	
parametric	data	and	were	analyzed	with	a	one-way	ANOVA	test	followed	by	a	post-hoc	Tukey’s	using	
the	commercially	available	software	package	SPSS	for	windows,	version	23.0	(SPSS	GmbH	Software,	



















EEF1A1	 NM_001097418.2	 CAACATGCTGGAGCCAAGTG	 AGTGTGGTTCCACTGGCATT	 87	 94.2	
Hypoxanthine	
phosphoribosyltransferase	1	
HPRT1	 NM_001032376.2	 GGGAGGCCATCACATCGTAG	 CGCCCGTTGACTGGTCATTA	 167	 89.6	
Actin,	alpha	2,	smooth	muscle	
	
α-SMA	 NM_001164650.1	 GGACCCTGTGAAGCACCAG	 GTCACCCACGTAGCTGTCTT	 198	 98.9	
Vimentin	 VIM	 XM_005668106.1	 TCTGGAATCCCTCCCTCTGG	 TCGCTGCACAGAGTACATGC	 146	 93.8	
Fibroblast	specific	protein,	
S100A4	




OCN	 AY150038.1	 TACCCAGATCCTCTGGAGCC	 TGCCATAGAAGCGCCGATAG	 109	 110.4	
Early	growth	response	protein	
1	
Egr-1	 AJ238156.1	 CTATCAAGGCCTTTGCCACG	 AGCTCATCTGAGCGGGAGA	 193	 104.4	
SRY-box	9	 Sox9	 NM_213843.1	 CATCTCTCCCAACGCCATCT	 TCTCGCTTCAGGTCAGCCTT	 174	 94.6	
Runt-related	transcription	
factor	2	
Runx2	 XM_013977989	 CAACTTCCTGTGCTCTGTGCT	 GAGAACCAGGGTTGAGGTGAT	 90	 93.7	
Collagen	alpha-1(I)	chain	 COL1A1	 XM_005668927.1	 AGACATCCCACCAGTCACCT	 TCACGTCATCGCACAACACA	 122	 96.9	
Collagen	type	III	alpha	1	chain	 COL3A1	 NM_001243297.1	 GCTCCCATCTTGGTCAGTCC	 ATGGGATCTCAGGGTTGGGA	 147	 94.5	
Collagen,	type	V,	alpha	1	 COL5A1		 NM_001014971.1	 GCTCAGCGTCCACAAGAAGA	 GTGGTCCGAGACAAAGAGCA	 184	 91.4	
Elastin	 ELN	 XM_003354509.3	 CCCACACATCGAAACCCTCA	 CACAAGAGCAAGGGGGCTAA	 155	 94	
Hyaluronan	and	proteoglycan	
link	protein	1	
HAPLN1	 NM_001004028.1	 GTGATTGCCTCCTTCGACCA	 TGCACAGACCCATCACTGAG	 89	 94.4	
Biglycan	 BGN	 XM_003135475.3	 TCACTGGCATCCCCAAAGAC	 AGGGTGGGCAGAAAACTCAG	 178	 97.4	
Decorin	 DCN	 NM_213920.1	 CCTGCAAACTCTTGCTTGGG	 TAATCCGGGGATTTGCCACA	 81	 94.6	
Versican	 VCAN	 NM_001206429.1	 AACCAGACAGGCTTCCCTTC	 AAGTGGGTGAGGCAGTTTCT	 124	 92.7	
Matrix	metallopeptidase	1	 MMP-1	 NM_001166229.1	 GGCCATCTATGGACCTTCCG	 TGTGCGCATGTAGAACCTGT	 145	 101.5	
Matrix	metallopeptidase	2	 MMP-2	 NM_214192.1	 CGATGGCTTCCTCTGGTGTT	 AGCTGTTGTAGGATGTGCCC	 155	 94	
Matrix	metallopeptidase	3	 MMP-3	 NM_001166308.1	 CACTTACAGACCTGGCTCGG	 AGATTCTGTGGGCTCAACGG	 113	 89.3	
Matrix	metallopeptidase	9	 MMP-9	 NM_001038004.1	 ACTTCGGAAACGCAAAAGGC	 AAGAGTCTCTCGCTAGGGCA	 169	 110.9	
Metallopeptidase	inhibitor	1	 TIMP-1	 NM_213857.1	 CACCTGCAGTTTTGTGGCTC	 GGGATGGATGTGCAGGGAAA	 117	 89.5	




























also	 showed	 high	 expression	 of	MMP-2,	 TIMP-1/2	 (Ct	 values	 <23)	 and	 lower	 expression	 of	MMP-

















monolayer	cultured	VIC	at	passage	4	 (value	=	1).	Data	 is	presented	as	mean	and	error	bars	 indicate	the	95%	
confidence	 interval.	 Statistically	 significant	differences	are	marked	with	*p<0.05	or	***p<0.001	compared	 to	
standard	 monolayer	 cultured	 VIC	 at	 passage	 4,	 and	 #p<0.05,	 ###p<0.001	 for	 significant	 differences	 between	



















Fig.3:	 Formation	 of	 VIC	 micro-aggregates	 in	 agarose	 microwells	 without	 AA	 supplementation.	 (A)	 Light	
microscopy,	 (B)	 HE	 staining,	 (C)	 Live/Dead	 staining,	 (D)	 Von	 Kossa	 staining.	 Representative	 images	 of	 n=3	
independent	experiments.	Scale	bar	=	100µm,	magnification	x10	(A,	C),	x20	(B,	D).		
	
In	 a	 first	 attempt	 to	 form	 micro-aggregates,	 VIC	 were	 seeded	 in	 microwells	 in	 standard	 culture	
medium.	 After	 1	 hour,	 cells	 were	 concentrated	 at	 the	 bottom	 of	 the	microwells	 and	 aggregation	




salts	 (Fig.3B).	Aggregates	did	not	 remain	viable	after	a	 culture	period	of	9	days,	which	was	 shown	
with	 a	 live/dead	 staining	 (Fig.3C).	 Mineralization	 of	 aggregates	 was	 confirmed	 with	 a	 Von	 Kossa	
staining	on	all	time	points	(Fig.3D).		
In	 order	 to	 improve	 aggregate	 culture	 conditions,	 250µM	 AA	 was	 supplemented	 to	 the	 culture	
medium	when	 aggregates	were	 formed	 (after	 24h).	 After	 3	 days,	 aggregates	 showed	 again	 dense	
central	 regions.	Yet,	 these	regions	were	smaller	 than	observed	without	the	supplementation	of	AA	

































where	 observed	 (Fig.5A).	 HE	 staining	 showed	 viable	 cells	 with	 normal	 nuclei	 and	 no	 basophilic,	
granular	clumps	throughout	the	complete	culture	period	(Fig.5B).	Aggregates	remained	viable	during	
a	 culture	 period	 of	 up	 to	 22	 days	 (Fig.5C),	 and	no	mineralization	 of	 aggregates	 could	 be	 detected	





Fig.6:	 Diameter/circularity	 and	 biochemical	 quantification	 of	 elastin,	 sGAG	 and	 collagen	 content	 of	 VIC	
micro-aggregates	 (+AA)	 during	 3D	microwell	 culture.	 (A-B)	Diameter	 and	 circularity	of	 VIC	microaggregates	
(+AA).	Representative	data	of	n=3	independent	experiments.	Error	bars	 indicate	the	95%	confidence	interval.	
(C)	Elastin	content,	(D)	sGAG	content	and	(E)	Collagen	content	of	VIC	microaggregates	(+AA).	Data	is	presented	






α-SMA	 expression,	 and	 a	 slight,	 but	 not	 significant,	 decrease	 in	 vimentin	 expression	 compared	 to	
standard	 monolayer	 cultured	 VIC	 at	 any	 time	 point.	 FSP-1	 expression,	 on	 the	 other	 hand,	 is	







To	 visualize	 collagen	 I	 formation,	 an	 IHC	 staining	 was	 performed	 (Fig.7A).	 Collagen	 I	 was	 present	
throughout	 the	matrix	 of	 the	 aggregates	 from	 day	 3.	 From	 day	 6,	 collagen	 I	 was	 aligned	 in	 small	
fibrils,	which	could	be	detected	especially	at	 the	periphery	of	 the	aggregates.	By	day	22,	collagen	 I	
fibrils	 could	 be	 observed	 in	 the	 entire	 matrix.	 An	 Alcian	 Blue	 staining	 was	 used	 to	 stain	 acidic	
polysaccharides	 such	as	GAG	 (Fig.7B).	Only	a	 small	 amount	of	GAG	was	observed	 in	aggregates	at	









To	 investigate	 mRNA	 expression	 of	 ECM	 molecules	 and	 MMP/TIMPs,	 RT-qPCR	 was	 performed.	



















Cultivation	 of	 VIC	 in	 aggregates	 also	 promoted	 mRNA	 expression	 of	 MMP/TIMPs.	 At	 day	 22,	
expression	 of	 MMP-1/2/3/9	 and	 TIMP-2	 was	 statistically	 higher	 than	 in	 monolayer	 cultured	 VIC.	















native	 quiescent	 state,	 because	 VIC	 phenotype	 changes	 could	 cause	 progression	 towards	 diseases	
[14].	 It	 is	 known	 that	 when	 cells	 are	 seeded	 onto	 synthetic/biological	 scaffolds,	 allowing	 cell	
migration	and	repopulation	of	the	scaffold,	cells	can	become	activated	 [326].	 In	this	study	we	used	
an	 alternative,	 biomimetic	 approach	 which	 aims	 to	 engineer	 small	 volume,	 high-quality	 valvular	








is	 still	 some	 discrepancy	 whether	 or	 not	 α-SMA	 levels	 increase	 [322],	 decrease	 [187]	 or	 remain	





efficient	 and	 highly	 controllable	 manner	 using	 agarose	 microwells.	 When	 VIC	 aggregates	 were	
formed	 in	 standard	 culture	 medium,	 there	 was	 a	 rapid	 degeneration	 and	 calcification	 of	 the	
aggregates.		
In	an	effort	 to	optimize	aggregate	 formation,	AA	was	supplemented	to	 the	culture	medium	before	
aggregation	started.	AA,	also	known	as	vitamin	C,	 is	an	essential	nutrient	acting	as	an	anti-oxidant,	
protecting	 against	 oxidative	 stress-induced	 cell	 damage,	 and	 as	 a	 cofactor	 for	 post-translational	
processing	enzymes	from	which	some	participate	in	collagen	hydroxylation	[312].	Adding	AA	resulted	
in	the	formation	of	viable,	high-quality	aggregates	without	any	signs	of	degeneration	or	calcification.	
The	 calcification	 process	 of	 VIC	 in	 heart	 valve	 leaflets	 is	 very	 complex	 and	 still	 not	 completely	
unraveled.	 To	 date,	 two	 hypotheses	 of	 calcification	 dominate	 current	 thinking:	 the	
dystrophic/apoptotic	calcification	 theory	 (calcification	of	dead	or	damaged	cells,	a	passive	process)	
and	the	ossification	theory	(phenotype	conversion	to	a	more	osteoblast-like	VIC,	an	active	process)	

















far,	 the	osteogenic	 calcification	process	has	only	been	demonstrated	 in	vitro	when	 induced	by	 the	
addition	of	organic	phosphate	to	culture	media	[330].	However,	we	did	not	further	 investigate	this	
calcification	process.	
At	 present,	 the	 exact	 mechanism	 by	 which	 AA	 promotes	 aggregate	 formation	 and	 survival	 is	 still	
unclear.	However,	the	protective	and	stimulating	effect	of	AA	on	VIC	aggregates	could	be	partly	due	
to	 protection	 against	 oxidative	 DNA	 damage	 through	 the	 scavenging	 of	 reactive	 oxygen	 species	
(ROS),	 as	 this	 is	 previously	 demonstrated	 in	 MCF-7	 human	 breast	 cancer	 cells	 [331],	 corneal	
endothelial	cells	[332],	and	PC12	cells	[333].	AA	has	also	been	reported	to	upregulate	collagen	I	and	







to	 produce	 GAG,	 collagen	 I	 fibrils	 and	 reticular	 fibers	 (which	mainly	 consist	 of	 collagen	 III	 [335]),	
some	 of	 the	 main	 ECM	 components	 of	 heart	 valve	 leaflets	 [336].	 In	 addition,	 biochemical	
quantification	 demonstrated	 that	 elastin,	 GAG	 and	 collagen	 content	 of	 VIC	 aggregates	 increased	
gradually	over	time	and	there	was	a	statistically	significant	difference	between	day	3	and	day	22.	As	
for	mRNA	expression	levels	of	the	main	ECM	components	of	heart	valve	leaflets,	aggregates	showed	
upregulated	 expression	 of	 collagen	 I/III/V,	 elastin,	 hyaluronan,	 biglycan,	 decorin	 and	 versican	
compared	 to	 standard	 monolayer	 cultured	 cells.	 Moreover,	 the	 expression	 of	 MMP-1/2/3/9	 and	
TIMP-1/2	 was	 also	 elevated.	 This	 data	 clearly	 indicated	 matrix	 production	 and	 remodeling	 in	 VIC	
aggregates.	 Phenotype	 of	 VIC	 in	 aggregates	 was	 determined	 based	 on	 mRNA	 expression,	 which	




cultures	with	 or	without	 the	 addition	 of	 AA	 should	 be	 compared.	 Unfortunately,	 long	 term	 viable	
aggregates	could	not	be	generated	without	the	addition	of	AA.	For	this	reason,	we	first	examined	the	




showed	 that	 AA	 can	 significantly	 upregulate	 α-SMA	 in	 monolayer	 cultured	 VIC,	 which	 indicates	
stimulation	 of	 VIC	 activation.	 However,	 this	 upregulation	 of	 α-SMA	 expression	 by	 AA,	 has	 already	
been	demonstrated	in	other	cell	types	(e.g.	stem	cells	and	other	progenitor	cells)	[337,	338].	In	this	
study,	AA	also	significantly	promoted	vimentin,	collagen	I,	elastin,	biglycan,	Egr-1,	Runx2	and	MMP-3	
expression	 of	 VIC.	More	 research	 needs	 to	 be	 done	 to	 investigate	 the	 effect	 of	 AA	 on	monolayer	
cultures	 on	 the	 long	 term,	 because	 this	 data	 could	 suggest	 a	 phenotype	 switch	 to	 a	more	 osteo-






from	day	 22.	We	 state	 that	 these	differences	 are	 due	 to	 the	different	 culture	methods,	 especially	
when	we	noticed	opposite	effects	(α-SMA,	vimentin,	Egr-1).	Based	on	these	findings,	we	showed	that	
aggregate	culture,	even	though	AA	needed	to	be	supplemented	to	the	culture	medium,	stimulated	a	
quiescent	VIC	phenotype.	 In	 addition,	we	 found	 that	 the	molecular	markers	OCN,	 Egr-1,	 Sox9	 and	
Runx2,	 which	 can	 play	 a	 role	 in	 the	 conversion	 of	 VIC	 to	 an	 obVIC	 phenotype,	 did	 not	 show	 any	
significant	changes	compared	to	standard	2D	cultured	VIC.		
Because	 future	 research	will	 be	 focused	 on	 the	 directed	 assembly	 of	 aggregates	 using	 bioprinting	
applications	 for	 the	biofabrication	of	 larger	tissue	constructs,	aggregate	uniformity	and	diameter	 is	
important	(maximum	nozzle	diameter	is	300µm).	In	this	study,	aggregates	with	a	mean	diameter	of	
150µm	 (day	 3)	 were	 formed.	 This	 diameter	 did	 not	 increase	 over	 time.	 In	 contrast,	 the	 diameter	
decreased	to	approximately	110µm	(day	22),	which	could	suggest	that	aggregates	did	not	proliferate.	
However,	 we	 cannot	 completely	 exclude	 this	 possibility	 since	 aggregates	 might	 undergo	 further	
compaction	while	proliferating.		
This	 study	 described	 a	 completely	 cell	 driven	 formation	 of	 quiescent	 valvular	 microtissues	 by	
generating	micro	aggregates.	They	are	currently	not	only	used	 for	modular	engineering,	but	might	
also	 offer	 a	 new	 platform	 to	 provide	 insights	 into	 valve	 (patho)biology.	 In	 the	 case	 of	
toxicological/disease	studies,	 it	 is	 important	to	start	with	native	cells	or	tissues	that	simulate	the	 in	
vivo	 situation.	 Almost	 all	 studies	 (mainly	 calcification	 studies)	 are	 performed,	 starting	 from	 2D	
monolayer	cultured	highly	α-SMA	positive	cells,	or	 from	aggregates	which	are	spontaneously	 (with	
















Recently,	 Cirka	 et	 al.	 improved	 the	 aggregate	 culture	 through	 controlling	 the	 size	 and	 amount	 of	
aggregates/cm²	 by	 using	 micro-contact	 patterning	 on	 tunable	 polyacrylamide	 (PA)	 hydrogels,	
resulting	 in	 the	 rapid	 formation	 of	 PA	 cultured	 aggregates.	 They	 also	 demonstrated	 spontaneous	
apoptosis	of	their	aggregates	within	24h,	followed	by	dystrophic	calcification	[329].	Our	aggregates	
are	 formed	 in	 non-adhesive	 microwells,	 which	 means	 that	 they	 are	 currently	 not	 attached	 to	 a	
substrate	 and	 can	 easily	 be	 collected	 for	 analysis.	 Spontaneous	 calcification	 can	 be	 demonstrated	
within	3	days	(when	AA	was	omitted),	and	aggregates	are	viable	for	at	least	22	days,	without	signs	of	
calcification	(when	AA	was	added).		
We	 believe	 that	 these	 viable	 valvular	 microtissues	 are	 a	 good	 starting	 point	 for	 fundamental	
understanding	of	VIC	(patho)biology	related	studies	and	a	better	alternative	compared	to	the	current	
existing	2D	models	since	VIC	are	in	a	native-like	quiescent	state,	whereas	2D	cultured	VIC	are	already	
activated.	 This	model	 allows	 to	 investigate	 the	 influence	of	 isolated	 specific	biological	 cues	on	VIC	
phenotype.	For	example,	by	cultivating	these	viable	aggregates,	instead	of	single	cells	or	aggregates	
which	spontaneously	calcify,	on	or	by	encapsulating	 them	 in	a	hydrogel,	 the	 influence	of	substrate	
modulus	 on	 VIC	 phenotype	 and	 calcification	 can	 be	 validated,	 as	 it	 is	 well	 known	 that	 substrate	
stiffness	 can	 influence	 VIC	 behavior	 [341].	 Also,	 VIC	 behavior	 appears	 to	 be	 dependent	 on	
biochemical	 factors	 (such	 as	 peptide	 sequences	 [342],	 growth	 factors	 [187],	 cytokines	 [343],	 etc.)	
which	can	easily	be	incorporated	into	this	model.		
We	want	 to	 acknowledge	 that	 the	 quiescent	 VIC	 aggregates	 are	 currently	 cultured	 in	 vitro	 under	
static	 conditions	 and	 want	 to	 point	 out	 that	 the	 performance	 of	 VIC	 and	 valvular	 tissue	 under	
dynamic	conditions	is	still	one	of	the	main	challenges.	Dynamic	conditions	(bioreactor	or	microfluidic	
systems)	more	closely	 resemble	 the	 in	 vivo	 situation	and	could	be	 favorable	 for	 the	maturation	of	
our	premature	microtissues	by	potentially	stimulating	matrix	production.	In	addition,	bioreactors	are	
also	used	to	study	mechanotransduction	from	stresses	(i.e.	planar	tension,	flexure,	and	shear	stress)	
on	 heart	 valves	 and	 VIC	 phenotype.	 Studies	 have	 revealed	 that	 these	 stresses	 can	 alter	 VIC	
phenotype	in	heart	valve	leaflets,	by	stimulating	aVIC	or	obVIC	conversion	[344,	345],	but	so	far,	only	








In	 conclusion	 our	 findings	 showed	 that	 (1)	 agarose	microwells	 are	 well	 suited	 for	 the	 large	 scale	
production	 of	 uniform,	 high-quality	 VIC	 aggregates,	 (2)	 supplementation	 of	 AA	 to	 the	 culture	
medium	 before	 aggregation	 starts	 is	 indispensable,	 (3)	 AA	 promotes	 ECM	 production	 and	
upregulates	α-SMA	in	monolayer	cultured	cells,	stimulating	an	active	VIC	state,	(4)	downregulation	of	
α-SMA	 expression	 can	 be	 obtained	 in	 aggregates	 and	 is	 due	 to	 the	 3D	 culture,	 resulting	 in	 the	
stimulation	 of	 a	 quiescent	VIC	 phenotype,	 (5)	 VIC	 aggregates	 are	 able	 to	 produce	 their	 own	 ECM,	
resembling	the	native	valve	composition.	
In	 future	 research,	 these	aggregates	will	 be	used	as	building	blocks	 for	 the	biofabrication	of	heart	




















































A	 significant	 challenge	 in	 the	 field	 of	 tissue	 engineering	 is	 the	 biofabrication	 of	 large	 three-
dimensional	 (3D)	 living	 tissues	 and	 organs.	 Multi-cellular	 valvular	 microtissues	 can	 be	 used	 as	
building	 blocks	 for	 the	 formation	 of	 larger-scale	 valvular	 macrotissues.	 Yet,	 for	 the	 controlled	
biofabrication	 of	 3D	 macrotissues	 with	 predefined	 complex	 shapes,	 directed	 assembly	 of	
microtissues	 through	 bioprinting	 is	 needed.	 Modified	 gelatin	 is	 a	 printable	 hydrogel.	 This	 study	
aimed	to	investigate	if	modified	gelatin	is	a	suitable	encapsulation	material	for	valvular	microtissues.	
Valvular	microtissues	were	encapsulated	 in	different	modified	gelatin	hydrogels	 and	 crosslinked	 in	
the	 presence	 of	 a	 photoinitiator	 (Irgacure	 2959	 or	 VA-086).	 Hydrogel	 properties	were	 determined	
and	valvular	 interstitial	 cell	 functions	 like	phenotype,	proliferation,	migration,	mRNA	expression	of	
extracellular	 matrix	 (ECM)	 molecules,	 ECM	 deposition	 and	 tissue	 fusion	 were	 characterized	 by	
histochemical	 stainings	 and	 RT-qPCR.	 Encapsulated	 microtissues	 remained	 viable	 during	 the	
complete	study	duration,	were	able	to	produce	heart	valve	related	ECM	components	and	remained	
in	 a	 quiescent	 state.	 However,	 encapsulation	 induced	 some	 changes	 in	 ECM	 formation	 and	 gene	
expression.	Encapsulated	microtissues	showed	lower	remodeling	capacity	and	increased	expression	
levels	 of	 Col	 I/V,	 elastin,	 hyaluronan,	 biglycan,	 decorin	 and	 Sox9	 compared	 to	 non-encapsulated	
tissues.	 Furthermore,	 this	 study	 demonstrated	 that	 proliferation,	 migration	 and	 tissue	 fusion	 was	








Clinical	 treatment	 of	 end-stage	 valvulopathy	 still	 primarily	 relies	 on	 mechanical	 or	 bioprosthetic	
heart	 valve	 replacements,	 but	 none	 of	 them	 are	 ideal	 valve	 substitutes	 and	 each	 of	 them	 have	
disadvantages	 (e.g.	 life-long	 anti-coagulation	 therapy,	 limited	 durability,	 degeneration	 and/or	
calcification)	 [347].	Yet	one	of	 the	main	problems	 is	 that	 they	are	made	of	non-viable	material.	To	
overcome	 the	 shortcomings	 of	 these	 current	 treatment	 options,	 heart	 valve	 tissue	 engineering	
(HVTE)	approaches	have	emerged,	all	with	the	same	goal:	to	engineer	a	bio-active,	living	autologous	
heart	 valve	 with	 regeneration,	 remodeling	 and	 growth	 potential,	 which	 is	 especially	 needed	 for	
younger	 patients	 as	 they	outgrow	valve	 replacements,	 resulting	 in	multiple	 reoperations	 [98].	 The	
past	 twenty	 years,	 most	 research	 groups	 focused	 on	 TE	 a	 heart	 valve	 substitute	 by	 combining	
biological	 or	 synthetic	 scaffolds	 with	 cells.	 Although	 much	 progress	 has	 been	 made	 with	 this	
approach,	 a	 bio-active	 living	 TEHV	 is	 still	 not	 developed	 and	 alternative	 approaches	 should	 be	
explored.	Such	an	alternative	approach	could	be	the	generation	of	bio-active	valvular	tissue	from	the	
bottom-up.	 Bottom-up	 tissue	 engineering	 aims	 to	 create	 native	 microstructural	 functional	 tissue	
blocks,	mimicking	native	tissues,	and	using	these	modular	units	as	building	blocks	to	engineer	larger	
tissue	constructs	[99,	100].		
The	bottom-up	assembly	of	 spatially	 organized	multicomponent	 tissues	 can	be	done	 starting	 from	
single	 cells,	 cell	 sheets	 or	 micro-aggregates/microtissues	 [348].	 The	 main	 advantage	 of	 using	
microtissues	 as	 building	 blocks	 is	 that	 they	 already	 contain	 fully	 formed	 cell-cell	 and	 cell-matrix	
interactions.	Moreover,	3D	microtissues	more	closely	resemble	the	in	vivo	microenvironment	where	
cells	 naturally	 interact	with	 their	 neighboring	 cells	 and	 ECM	 components	 [167,	 349].	 Recently,	we	
showed	that	scaffold-free,	high	quality	valvular	microstructural	functional	tissue	blocks	can	be	made	
using	agarose-molded	non-adhesive	microwells	 to	guide	 the	 spontaneous	 self-assembly	of	valvular	
interstitial	cells	 into	3D	microtissues	with	predefined	dimensions	 in	a	 low	shear	 force	environment	
[350].	 In	 addition,	 several	 studies	 have	 already	 demonstrated	 that	 closely	 placed	 microtissues	
undergo	tissue	fusion,	a	process	that	represents	a	fundamental	biological	and	biophysical	principle	of	
developmental	biology-inspired	tissue	engineering	 [351,	352].	Yet,	 for	 the	controlled	biofabrication	
of	a	3D	functional	 living	valvular	macrotissue	with	predefined	complex	shape,	directed	assembly	of	
microtissues	through	bioprinting	is	needed.		
Prior	 to	bioprinting,	microtissues	need	 to	be	encapsulated	 in	a	cell	 friendly	and	printable	material,	
functioning	as	a	bio-ink	during	the	printing	process.	This	bio-ink,	usually	a	hydrogel,	should	provide	
an	 informative	microenvironment,	mimicking	 the	physiological	niche	and	direct	 valvular	 interstitial	



























The	 past	 ten	 years,	 several	 research	 groups	 have	 been	 evaluating	 polyethylene	 glycol	 (PEG),	
hyaluronic	 acid	 (HA),	 gelatin	 as	 well	 as	 hybrid	 hydrogels	 as	 encapsulation	 material	 for	 valvular	
interstitial	cells	(VIC)	[226,	228,	353,	354].	Yet	so	far,	apart	from	one	study	which	encapsulated	large	
spheroids	from	VIC	in	HA	and	HA/Gelatin	hydrogels	[227]	and	only	 investigated	VIC	phenotype	and	
migration,	 nothing	 is	 known	 about	 the	 encapsulation	 of	 valvular	 microtissues.	 Since	 our	 research	
group	 already	 successfully	 bioprinted	 gelatin	 encapsulated	 HepG2	 cells	 and	 primary	 hepatocyte	
microtissues	[255,	324,	355],	it	was	assumed	that	gelatin	could	be	a	suitable	encapsulation	material	
for	 valvular	microtissues	 as	well.	Gelatin	 is	 synthesized	upon	 the	partial	 breakdown	of	 the	natural	
triple-helical	 structure	of	 collagen	 [229]	and	 is	 considered	a	generally-regarded-as-safe	material	by	
the	 Food	and	Drug	Administration	 [356].	However,	 due	 to	 the	 thermo-reversible	 characteristics	of	
gelatin,	chemical	covalent	crosslinking	is	needed	in	order	to	form	solid	and	stable	gel-constructs.		
In	 this	study,	we	exploited	the	utility	of	chemically	modified	gelatin	 (Gel-MOD),	 first	 introduced	by	
Van	den	Bulcke	et	al.,	which	has	methacrylate-groups	that	can	be	crosslinked	with	UV	irradiation	in	
the	presence	of	a	photoinitiator	[357],	as	a	suitable	encapsulation	material	for	valvular	microtissues.	
Two	 different	 w/v%	 gel-MOD	 hydrogels	 were	 generated	 and	 crosslinked	 in	 the	 presence	 of	 the	
































cocktail	 of	 antibiotics	 (100	μg/ml	 streptomycin,	 100	U/ml	penicillin,	 Life	 Technologies)	 and	2.5µg/l	
fungizone	 (Life	Technologies).	Before	VIC	could	be	 isolated,	 the	endothelial	 layer	was	mechanically	
removed	 from	 the	 surface	 of	 the	 leaflets	with	 a	 cell	 scraper	 after	 incubating	 them	 at	 37°C	 for	 30	
minutes	in	Dulbecco's	Modified	Eagle	Medium	(DMEM,	Life	Technologies)	supplemented	with	0.1%	
collagenase	 type	 I	and	0.12%	dispase	 (Sigma).	Next,	VIC	were	 isolated	by	 incubating	 the	 leaflets	at	
37°C	for	4	hours	in	DMEM	supplemented	with	0.1%	collagenase	type	I.	Afterwards	the	cell-solution	
was	 filtered	 with	 a	 70µm	 cell	 strainer,	 and	 centrifuged.	 Cells	 were	 cultivated	 in	 standard	 culture	




To	 produce	 the	 non-adherent	 agarose	 microchips,	 sterilized	 powder	 Ultrapure	 Agarose	 (Life	
Technologies)	 was	 dissolved	 (3%	 w/v)	 in	 PBS	 and	 heated	 until	 boiling	 point.	 The	 liquid	 agarose	
solution	was	 added	 to	 a	 tailor-made,	 polydimethylsiloxane	 (PDMS)	mold	 and	 left	 to	 solidify	 at	 RT.	
After	 cooling,	 the	 gels	were	 separated	 from	 the	molds	 and	 subsequently	 transferred	 into	 12	well	
culture	 plates	 as	 previously	 described	 [350].	 Microtissues	 were	 generated	 by	 seeding	 1x106	 VIC	
(passage	4)	into	the	microwells.	Every	microtissue,	formed	in	one	pore	of	the	microchip	(1590	pores,	
Ø400µm),	 contained	 approximately	 629	 cells.	 Microtissues	 were	 cultivated	 in	 standard	 culture	
medium	 supplemented	 with	 250µM	 L-ascorbic	 acid	 2-phosphate	 (Sigma)	 [350].	 Medium	 was	
replenished	24h	after	seeding	and	hereafter,	every	three	days.		
Methacrylamide-modified	gelatin	(Gel-MOD)	synthesis	
Gelatin	 methacrylamide	 was	 prepared	 by	 reaction	 of	 Bovine	 type	 B	 gelatin	 (Rousselot)	 with	
methacrylic	anhydride.	After	dissolution	of	gelatin	in	phosphate	buffer	(pH	7.8)	at	50	°C,	methacrylic	
anhydride	 was	 added	 while	 vigorously	 stirring.	 After	 1	 h,	 the	 reaction	 mixture	 was	 diluted	 and	
dialyzed	 for	24	h	against	distilled	water	 at	 40	 °C.	 Purified	gelatin	methacrylamide	had	a	degree	of	
substitution	 of	 61.72%,	 as	 determined	 by	 1H	NMR	 (Bruker	 AVANCE	 II	 500	MHz).	 Prior	 to	 use,	 the	








the	 crosslinking	 and	 swelling	 behavior	 of	 gels.	 Hydrogel	 disks	 (Ø	 =	 15mm;	 height	 =	 2mm)	 were	
prepared	 by	 pipetting	 300µl	 Gel-MOD	 solution	 in	 each	well	 of	 a	 24-well	 plate	 and	 crosslinked	 for	
20min	with	365nm	UV-A	light	(4mW/cm2,	UVP	Inc.).	After	crosslinking,	the	disks	were	freeze-dried	at	
0.370	atm	and	-50°C	in	a	Christ	Alpha1-4	freeze-dryer	and	weighed	(Wd0).	The	dried	disks	were	then	
immersed	 in	 DMEM	 at	 37°C	 until	 equilibrium	 swelling	 was	 reached.	 At	 this	 temperature,	 non-
covalent	 crosslinked	 polymer	 chains	will	 leach	 out	 from	 the	 hydrogels	 by	 diffusion.	 Consequently,	
disks	 were	 removed	 from	 the	 medium,	 gently	 wiped	 with	 paper	 and	 weighted	 again	 (Whe).	
Subsequent	 lyophilization	 gave	 the	 final	 dry	 weight	 (Wde).	 The	 gelfraction	 is	 calculated	 as	 the	
percentage	 of	 the	 hydrogel	 that	 is	 covalently	 incorporated	 into	 the	 3D	 network	 according	 to	
equation	1	 (Eq.	1),	while	 the	equilibrium	mass	 swelling	 ratio	 is	 calculated	according	 to	equation	2	
(Eq.	2)	[255].	All	measurements	were	performed	in	triplicate.	
	
%!"#$%&'()*+ =  !!"!!! . 100						(Eq.	1)	
	
%!"#$$%&' = !!!! !!!!!! . 100				(Eq.	2)	
Compression	experiments	
A	TA500	 texture	analyzer	 (Lloyd	 Instruments)	equipped	with	a	10N	 load	cell	was	used	at	a	 rate	of	
5mm/min.	Cross-linked	hydrogel	disks	(Ø	=	15mm;	height	=	2mm)	were	prepared	by	pipetting	300µl	
10	 or	 20	 w/v%	 Gel-MOD	 solution	 in	 each	 well	 of	 a	 24-well	 plate	 and	 crosslinked	 for	 20min	 with	








of	 a	 48-well	 plate,	 and	 crosslinked	 for	 20min	with	 365nm	UV-A	 light	 (4mW/cm2,	 UVP	 Inc.)	 in	 the	
presence	 of	 2mol%	 Irg	 or	 20mol%	 VA.	 After	 crosslinking,	 gels	 were	 transferred	 to	 a	 6	 well-plate.	
























paraffin.	 Five-micron-thick	 sections	 were	 cut	 and	 stained	with	 Haematoxylin/Eosin	 (HE).	 The	 ECM	




hour	 or	 until	 completely	 dissolved.	 Total	 RNA	 (n=3)	 was	 isolated	 from	 microtissues	 using	 a	 lysis	
buffer	(RLT	buffer,	Qiagen).	The	concentration	and	purity	of	the	isolated	RNA	was	determined	by	a	
NanoDrop1000	 (Isogen).	To	convert	RNA	 into	cDNA,	 the	High	Capacity	cDNA	Reverse	Transcription	
Kit	 (Life	 Technologies)	was	 used	 according	 to	 the	manufacturer’s	 protocol.	 A	 7500	 Fast	 Real-Time	
PCR	system	(Applied	Biosystems)	and	a	SYBR	Green	PCR	kit	(Life	Technologies)	were	used	according	
to	the	manufacturer’s	instructions	and	protocols.	Primer	details	are	listed	in	Table	1.		
Stability	of	 six	 reference	genes	was	determined	and	 the	 two	most	 stable	 reference	genes	 (EEF1A1	
and	HPRT)	were	 selected	via	 geNORM	 (qbase+	 software,	Biogazelle).	Gene	expression	analysis	was	
normalized	 to	 the	geometric	mean	of	 these	 reference	genes.	 The	 relative	 gene	 fold	 changes	were	
determined	 by	 the	 2-ΔΔCt	 method.	 For	 comparative	 gene	 expression	 analysis,	 gene	 expression	 of	






















Eukaryotic	 translation	 elongation	 factor	 1	
alpha	1	
EEF1A1	 NM_001097418.2	 CAACATGCTGGAGCCAAGTG	 AGTGTGGTTCCACTGGCATT	 87	 94.2	
Hypoxanthine	phosphoribosyltransferase	1	 HPRT1	 NM_001032376.2	 GGGAGGCCATCACATCGTAG	 CGCCCGTTGACTGGTCATTA	 167	 89.6	
Actin,	alpha	2,	smooth	muscle	 ACTA2/
α-SMA	
NM_001164650.1	 GGACCCTGTGAAGCACCAG	 GTCACCCACGTAGCTGTCTT	 198	 98.9	
Vimentin	 VIM	 XM_005668106.1	 TCTGGAATCCCTCCCTCTGG	 TCGCTGCACAGAGTACATGC	 146	 93.8	
Fibroblast	specific	protein,	S100A4	 FSP-1	 JN122624.1	 TACTCAGGCAAGGAGGGTGA	 TGGAAAGCAGCTTCATCCGT	 113	 94.3	




AY150038.1	 TACCCAGATCCTCTGGAGCC	 TGCCATAGAAGCGCCGATAG	 109	 110.4	
Early	growth	response	protein	1	 Egr-1	 AJ238156.1	 CTATCAAGGCCTTTGCCACG	 AGCTCATCTGAGCGGGAGA	 193	 104.4	
SRY-box	9	 Sox9	 NM_213843.1	 CATCTCTCCCAACGCCATCT	 TCTCGCTTCAGGTCAGCCTT	 174	 94.6	
Runt-related	transcription	factor	2	 Runx2	 XM_013977989	 CAACTTCCTGTGCTCTGTGCT	 GAGAACCAGGGTTGAGGTGAT	 90	 93.7	
Collagen	type	I	alpha	1	chain	 COL1A1	 XM_005668927.1	 AGACATCCCACCAGTCACCT	 TCACGTCATCGCACAACACA	 122	 96.9	
Collagen	type	III	alpha	1	chain	 COL3A1	 NM_001243297.1	 GCTCCCATCTTGGTCAGTCC	 ATGGGATCTCAGGGTTGGGA	 147	 94.5	
Collagen	type	V	alpha	1	chain	 COL5A1		 NM_001014971.1	 GCTCAGCGTCCACAAGAAGA	 GTGGTCCGAGACAAAGAGCA	 184	 91.4	
Elastin	 ELN	 XM_003354509.3	 CCCACACATCGAAACCCTCA	 CACAAGAGCAAGGGGGCTAA	 155	 94	
Hyaluronan		 HAPLN1	 NM_001004028.1	 GTGATTGCCTCCTTCGACCA	 TGCACAGACCCATCACTGAG	 89	 94.4	
Biglycan	 BGN	 XM_003135475.3	 TCACTGGCATCCCCAAAGAC	 AGGGTGGGCAGAAAACTCAG	 178	 97.4	
Decorin	 DCN	 NM_213920.1	 CCTGCAAACTCTTGCTTGGG	 TAATCCGGGGATTTGCCACA	 81	 94.6	
Versican	 VCAN	 NM_001206429.1	 AACCAGACAGGCTTCCCTTC	 AAGTGGGTGAGGCAGTTTCT	 124	 92.7	
Matrix	metallopeptidase	1	 MMP-1	 NM_001166229.1	 GGCCATCTATGGACCTTCCG	 TGTGCGCATGTAGAACCTGT	 145	 101.5	
Matrix	metallopeptidase	2	 MMP-2	 NM_214192.1	 CGATGGCTTCCTCTGGTGTT	 AGCTGTTGTAGGATGTGCCC	 155	 94	
Matrix	metallopeptidase	3	 MMP-3	 NM_001166308.1	 CACTTACAGACCTGGCTCGG	 AGATTCTGTGGGCTCAACGG	 113	 89.3	
Matrix	metallopeptidase	9	 MMP-9	 NM_001038004.1	 ACTTCGGAAACGCAAAAGGC	 AAGAGTCTCTCGCTAGGGCA	 169	 110.9	
Metallopeptidase	inhibitor	1	 TIMP-1	 NM_213857.1	 CACCTGCAGTTTTGTGGCTC	 GGGATGGATGTGCAGGGAAA	 117	 89.5	
Metallopeptidase	inhibitor	2	 TIMP-2	 NM_001145985.1	 CTCCGGGAACGACATCTACG	 GCCTTTCCTGCGATGAGGTA	 180	 93	




The	 Shapiro-Wilk	 test	 was	 used	 to	 determine	 normality	 of	 the	 variables.	 All	 the	 variables	 were	
parametric	data	and	were	analyzed	with	a	one	way	ANOVA	test	followed	by	a	post-hoc	Tukey’s	using	
the	commercially	available	software	package	SPSS	for	windows,	version	24.0	(SPSS	GmbH	Software,	
























in	 the	presence	of	 2	mol%	 Irg	 or	 20	mol%	VA.	Data	 is	 presented	 as	mean	 and	 error	 bars	 indicate	 the	 95%	
confidence	interval.	Statistically	significant	differences	between	10	w/v%	and	20	w/v%	Gel-MOD	hydrogels	are	
marked	with	***p	<	0.001,	and	#p	<	0.05,	###p	<	0.001	for	significant	differences	between	Irgacure	2959	and	






MOD	 concentration	 and	 that	 VA-crosslinked	 hydrogels	 had	 a	 significantly	 higher	 swelling	 ratio	
(581.5-1081.2%)	 compared	 to	 Irg-crosslinked	gels	 (446.9-778.0%).	Fig.1B	 illustrates	 the	percentage	
of	the	hydrogel	that	is	covalently	crosslinked	and	incorporated	into	the	3D	structure.	Irg-crosslinked	
gels	 had	 significantly	 more	 covalently	 incorporated	 material	 (90.5-97.5%)	 compared	 to	 VA-






however,	 only	 a	 significant	 difference	was	 observed	between	 10	 and	 20	w/v%	 Irg-crosslinked	 gels	





Microtissues	 were	 encapsulated	 in	 10	 and	 20	 w/v%	 Gel-MOD	 and	 crosslinked	 with	 UV	 light	
irradiation	 in	 the	 presence	 of	 Irg	 or	 VA.	 The	 morphology,	 viability,	 and	 proliferation	 of	 VIC	 in	
encapsulated	 microtissues	 was	 evaluated	 up	 to	 day	 14,	 except	 for	 the	 10	 w/v	 %	 VA-crosslinked	
hydrogels	(which	started	to	disintegrate	from	day	7).		
A	 fluorescent	 live/dead	 staining	 showed	 that	 microtissues	 remained	 viable	 in	 all	 hydrogels,	
regardless	the	PI	used	for	the	photopolymerization	and	regardless	the	gel-MOD	concentration	(Fig.2-
3B/F).	 Furthermore,	 a	 HE	 staining	 of	 encapsulated	 microtissues	 showed	 viable	 cells	 with	 normal	
nuclei	 (Fig.2-3C/G).	 Interestingly,	 HE	 staining	 and	 bright	 field	 microscopy	 demonstrated	 that	 VIC	
from	 10	 w/v%	 VA-crosslinked	 hydrogels	 started	 to	 migrate	 out	 of	 the	 microtissues	 into	 the	
surrounding	hydrogel,	something	that	was	not	seen	in	the	other	hydrogels	(Fig.2A&C,	black	arrows).	























and	 proliferation	 (D	 and	 H:	 Ki67	 immuno-staining)	 of	 microtissues	 encapsulated	 in	 10	 or	 20	 w/v%	 VA-













and	 proliferation	 (D	 and	 H:	 Ki67	 immuno-staining)	 of	 VIC	 microtissues	 encapsulated	 in	 10	 or	 20	 w/v%	



















An	 Alcian	 Blue	 (AB)-	 and	 Silver	 staining	 was	 performed	 on	 encapsulated	 microtissues	 from	 all	
conditions,	 to	 visualize	 acidic	 polysaccharides	 such	 as	 GAG	 and	 reticular	 fibers,	 respectively.	 After	
one	 day	 of	 encapsulation,	microtissues	were	 only	 slightly	 stained	with	AB	 staining,	 indicating	 only	
limited	presence	of	GAG.	However,	from	day	3	until	day	7/14,	a	rapid	time	dependent	production	of	
GAG	was	observed,	as	 indicated	by	the	 increase	 in	 intensity	of	the	AB	staining	of	the	encapsulated	
microtissues.	 This	 increase	 was	 more	 pronounced	 in	 20	 w/v%	 than	 in	 10	 w/v%	 encapsulated	
microtissues	 (Fig.4A/C	and	Fig.5A/C).	On	 the	other	hand,	 reticular	 fibers	were	abundantly	present	
from	 day	 1	 in	 encapsulated	 microtissues	 of	 all	 conditions,	 and	 a	 time-dependent	 circular	 fiber	
alignment	towards	the	outer	edge	of	the	microtissues	was	noticed.	Interestingly,	microtissues	which	
located	 close	 to	 each	 other	 appeared	 to	 fuse	 as	 indicated	 by	 the	 interconnection	 of	 the	 reticular	
fibers	of	 these	microtissues	 (black	arrow)	and	reticular	 fibers	 seemed	to	attach	to	 the	surrounding	
hydrogel	 (white	 arrows)	 (except	microtissues	 in	20	w/v%	 Irg-crosslinked	hydrogels)	 (Fig.	 4B/D	and	
Fig.5	B/D).		
	








Fig.5:	 ECM	 production	 (A	 and	 C:	 Alcian	 Blue	 staining	 (GAG);	 B	 and	 D:	 Silver	 staining	 (reticular	 fibers))	 of	




Next,	 RT-qPCR	 was	 performed	 to	 analyze	 the	 mRNA	 expression	 levels	 of	 a	 broad	 panel	 of	 ECM	
components	(Col	I/III/V,	elastin,	HA,	biglycan,	decorin	and	versican),	and	MMP/TIMPs	(MMP-1/2/3/9,	
TIMP-1/2)	 (Fig.6A-B).	 The	 mRNA	 expression	 levels	 of	 VIC	 in	 non-encapsulated	 and	 encapsulated	
microtissues	 (20	w/v%	 Irg-crosslinked	hydrogels)	at	an	early	 (day	7)	and	a	 late	 time	point	 (day	18)	
were	compared	and	shown	as	the	fold	change	to	standard	monolayer	cultured	VIC.		
Fig.6A	 shows	that	 the	mRNA	expression	of	every	 investigated	ECM	component	produced	by	VIC	 in	
non-encapsulated	as	well	as	encapsulated	microtissues	was	higher	compared	to	standard	monolayer	




There	 was	 also	 a	 time-dependent	 increase	 noticed	 of	 elastin,	 non-sulfated	 GAG	 (HA),	 and	 PG	
(versican,	 biglycan,	 and	 decorin)	 expression	 in	 encapsulated	 microtissues,	 and	 after	 18	 days	 the	



























































Fig.6:	 mRNA	 expression	 profile	 of	 VIC	 in	 non-encapsulated	 and	 encapsulated	 microtissues	 (20	 w/v%	 Irg-
crosslinked	hydrogels)	compared	to	standard	monolayer	cultured	VIC.	Microtissues	were	encapsulated	after	3	
days	of	culture.	Relative	expression	levels	of	(A)	ECM	molecules,	(B)	MMP/TIMP,	and	(C)	phenotype	markers	of	
VIC	 in	 (non)-encapsulated	 microtissues	 at	 an	 early	 time	 point	 (day	 7	 of	 microtissue	 culture	 =	 day	 4	 of	
encapsulation)	 tissues)	 and	 a	 late	 time	 point	 (day	 18	 of	 microtissue	 culture	 =	 day	 15	 of	 encapsulation)	
compared	 to	 standard	monolayer	 cultured	VIC	 at	 passage	4	 (value=1).	Data	 is	 presented	as	mean	and	error	
bars	indicate	the	95%	confidence	interval.	Statistically	significant	differences	are	marked	with	*p	<	0.05	or	***p	
<	0.001	compared	to	standard	monolayer	cultured	VIC	at	passage	4,	and	#p	<	0.05,	###p	<	0.001	for	significant	









































A	 large	 amount	 of	 VIC	microtissues	 were	 encapsulated	 in	 10	 w/v	 %	 VA-crosslinked	 gel-MOD	 and	
microtissues	morphology,	fusion,	proliferation,	migration,	and	ECM	production	was	analyzed	at	day	3	
and	 7.	Fig.7	 shows	 that	 by	 day	 3	microtissues	 had	 already	 fused	 to	 form	 larger	 valvular	 tissues	 in	
some	 regions	of	 the	hydrogel.	 These	valvular	 tissues	had	normal	morphology	with	 round	nuclei	 at	
day	3	and	7,	as	shown	by	HE	staining.	However,	in	the	central	regions	of	some	tissues	few	pycnotic	
nuclei	were	noticed	at	day	7	(Fig.7A).	VIC	in	micro-tissues	were	sporadically	positive	for	Ki67	at	day	








3D	bioprinting	has	 the	potential	 to	biofabricate	a	viable	 tissue	construct	by	directed	assembling	of	








Over	 the	 past	 ten	 years,	 gelatin	 and	 hybrid	 gelatin	 hydrogels	 have	 been	 investigated	 for	 the	
encapsulation	 of	 VIC	 [48,	 226,	 235,	 354].	 However,	 this	 is	 the	 first	 time	 gelatin	 is	 used	 for	 the	
encapsulation	of	valvular	microtissues.	Gelatin	has	similar	properties	to	native	collagen,	such	as	RGD	










form	of	VA	have	 shown	 to	have	minimal	 effect	 on	 the	 cell	 viability	 [254,	 358].	 In	 the	 same	 study,	
Rouillard	et	al.	showed	that	VA-crosslinked	hydrogels,	with	concentrations	up	to	0.3	w/v%,	contained	
>90%	viable	chondrocytes	[358].		
Crosslinking	 with	 either	 Irg	 or	 VA	 resulted	 in	 solid	 hydrogel	 constructs	 and	 gel	 fraction	 analysis	
showed	that	85.5-87.3%	(10-20	w/v%	VA-crosslinked	gels)	or	90.5-97.5%	(10-20	w/v%	Irg-crosslinked	
gels)	 of	 the	 Gel-MOD	 was	 incorporated	 into	 a	 3D	 network.	 In	 addition,	 it	 was	 shown	 that	
microtissues	 remained	 viable	 in	 all	 gels	 during	 the	 complete	 study	 duration	 and	 viability	 was	 not	
influenced	 by	 the	 type	 of	 PI.	 Unfortunately,	 during	 the	 follow-up,	 early	 disintegration	 of	 VA-
crosslinked	 gels	was	 noticed	 (around	 day	 7	 or	 14,	 for	 10	 or	 20	w/v%	 gels	 respectively),	while	 Irg-
crosslinked	 gels	 were	 stable	 for	 at	 least	 14	 days.	 Further	 analysis	 of	 the	 hydrogels	 revealed	 that,	

















Stiffness	 of	 the	 different	 hydrogels	was	 determined	 and	 it	was	 shown	 that	 10	w/v%	 gels	 and	 VA-
crosslinked	 gels	 were	 softer	 (lower	 compressive	 moduli)	 compared	 to	 20	 w/v%	 gels	 and	 Irg-
crosslinked	 gels	 (higher	 compressive	moduli).	 Based	on	 the	 fact	 that	 stiffer	 hydrogels	 have	denser	
networks	and	can	delay	 the	cell	 spreading	process	 [353,	354],	 it	was	hypothesized	 that	 softer	gels	




have	 already	 visualized	 an	 increase	 in	 pore	 size	 and	 interconnectivity	 by	 decreasing	 gel-MOD	







phenotype)	 were	 evidenced	 when	 encapsulated	 in	 Irg-crosslinked	 hydrogels	 and	 there	 were	 no	




expression	 or	 production	 of	 the	 other	 investigated	 ECM	 components	 remained	 the	 same,	
demonstrating	selective	stimulation	of	certain	ECM	molecules.	Thirdly,	a	significant	increase	of	Sox9	




It	 is	 demonstrated	 that	 by	 encapsulating	 microtissues,	 changes	 in	 ECM	 formation	 and	 gene	
expression	 can	 be	 induced.	 Although	 so	 far	 only	 a	 limited	 amount	 of	 histological	 stainings	 were	
performed	 and	 mRNA	 expression	 was	 analyzed	 on	 microtissues	 encapsulated	 in	 the	 stiffest	 Irg-




influenced	 by	 the	 hydrogel	 stiffness,	 yet	 this	 needs	 to	 be	 further	 investigated.	 We	 also	 want	 to	
acknowledge	 that	 it	 is	 likely	 that	 the	 hydrogel	 type	 (Gel-MOD),	 and	 not	 only	 the	 stiffness,	 can	





w/v%	 VA-crosslinked	 gels	 to	 investigate	 the	 potential	 fusion	 capacity.	 With	 this	 preliminary	 and	
limited	 experiment	we	 provided	 a	 proof	 of	 concept	 as	we	 have	 shown	 that	microtissues	 in	 these	
hydrogels	were	able	 to	 fuse	within	3	days	and	 larger	valvular	microtissues	were	 formed	 in	various	




We	evidenced	 that	Gel-MOD	 is	 a	 good	encapsulation	material	 for	 valvular	microtissues	 (Ø150µm).	
Encapsulated	microtissues	remained	viable	during	the	complete	study	duration,	showed	a	quiescent	
phenotype	and	were	able	 to	produce	heart-valve	 related	ECM	components.	 In	addition,	a	proof	of	
concept	for	the	formation	of	larger	valvular	tissue	was	provided	by	showing	that	microtissues	were	
able	 to	 randomly	 assemble	 in	 Gel-MOD	 and	 to	 fuse	 into	 larger	 tissues	 (Ø150-1400µm).	 For	 this	

























































Valvular	 heart	 diseases	 represent	 a	 major	 healthcare	 issue	 causing	 significant	 morbidity	 and	
mortality	worldwide.	Clinical	treatment	of	end-stage	valvulopathy	still	primarily	relies	on	heart	valve	
replacements.	 In	 the	 60s,	 Dwight	 E.	 Harken,	 an	 innovator	 in	 heart	 surgery,	 defined	 the	 essential	











































HVL	and	PER),	with	different	detergent	based	protocols,	 to	 remove	all	 xenogeneic	cellular	material	 (Chapter	




For	 the	 generation	 of	 a	 viable	 TEHV,	 a	 suitable	 scaffold	 is	 needed.	 Such	 a	 scaffold	 should	 fulfill	
mechanical	and	biological	 integrity,	provide	dynamic	and	biochemical	signals,	allow	cell	attachment	




By	 using	 native	 tissue,	 biological	 stimuli	 and	 native	 ECM	 components	 as	 well	 as	 native	 anatomic	
macro-structure	and	micro-architecture	are	already	present	and	do	not	need	to	be	mimicked/rebuilt	
[368].	Moreover,	there	is	no	need	to	optimize	the	degradation	rate	as	the	purpose	of	a	biological	HV	
scaffold	 is	 to	 remain	 in	 the	 body,	 whereas	 polymeric	 scaffolds	 are	 dependent	 of	 scaffold	
repopulation,	ECM	formation	and	scaffold	degradation	[90,	369].			
Allogeneic	 tissues	 are	 not	 unlimited	 available	 and	 the	 use	 of	 xenograft	 tissue	 as	 natural	 tissue	
scaffolds	requires	chemical,	physical	and/or	enzymatic	pretreatment	aimed	at	preserving	the	tissue	
by	enhancing	the	resistance	to	degradation,	 reducing	the	 immunogenicity	and	sterilizing	 the	tissue	
[127].	Since	the	conventional	xenogeneic	GA	crosslinked	tissues	are	not	suitable	for	HVTE	and	so	far	





















Decellularized	 biological	 heart	 valve	 scaffolds	 can	 be	 made	 from	 HV	 or	 PER	 and	 possess	 great	
potential	as	a	stand-alone	valve	 replacement	and/or	as	a	scaffold	 for	HVTE.	Table	S1	and	S2	 show	
that	most	cardiac	biological	tissues	are	decellularized	with	detergents	(SDS,	SDC,	and	Triton	X-100),	
sometimes	 in	combination	with	enzymes.	Unfortunately,	decellularization	efficiency	 is	often	poorly	
evaluated	 (mostly	 only	 determined	 by	 histological	 staining)	 and	 preservation	 of	 ECM	 components	
and	mechanical	 integrity	of	 scaffolds	are	often	not	 investigated.	We	believe	 that	 it	 is	necessary	 to	
evaluate	 the	 three	 minimal	 criteria	 set	 by	 Crapo	 et	 al.	 to	 satisfy	 the	 extent	 of	 acellularity	 (DNA	
content	 <50ng/mg,	 DNA	 fragments	 <200bp	 and	 no	 visible	 nuclei)	 and	 to	 thoroughly	 evaluate	 the	
effect	of	the	decellularization	agent	on	the	ECM	components	since	maintaining	structural	integrity	is	
essential	to	generate	a	durable	TEHV	[138].		
The	first	 focus	of	Part	A	 (Chapter	3A,	Section	 I)	was	the	generation	of	completely	cell	 free	porcine	
cardiac	 tissues.	 Porcine	HVL	 and	 PER	were	 decellularized	with	 different	 protocols	 (Triton	 X-100	 or	
SDC	 based	 protocols	 ±ENZ±TRYP).	 Cell	 removal	 (three	 criteria),	 preservation	 of	 the	 main	 ECM	
components	 (Col,	 GAG	 and	 elastin)	 as	 well	 as	 the	mechanical	 properties	 (stiffness	 and	WTML)	 of	
tissues	were	evaluated.		
It	 was	 shown	 that	 decellularization	 of	 cardiac	 tissues	 with	 Triton	 X-100+ENZ+TRYP	 efficiently	
removed	 cellular	 material	 from	 porcine	 PER	 and	 HVL	 and	 that	 although	 SDC	 did	 reduce	 cellular	
content,	the	three	criteria	of	acellularity	were	not	fulfilled.	By	contrast,	Dohmen	et	al.	stated	that	this	
SDC	 treatment	 resulted	 in	 acellular	 porcine	 valves	 (Matrix	 PTM),	 which	 are	 commercially	 available	
[271,	 281,	 289,	 373].	 Interestingly,	 an	 independent	 study	 revealed	 that	 the	Matrix	 P	 scaffolds	 still	
contained	cells,	indicating	that	this	SDC-based	protocol	is	not	efficient	[374].	
Further	 analysis	 of	 Triton	 X-100	 decellularized	 tissue	 revealed	 that	 collagen	 and	 elastin,	 two	main	
ECM	components,	were	more	preserved	 in	HVL	 than	 in	PER.	 Yet,	 a	 significant	 loss	of	GAG	 in	both	
tissues	was	detected.	This	was	expected	 since	cell	 extraction	protocols	are	known	 to	 remove	GAG	
from	tissue	[98,	278,	288].	To	date,	there	is	still	no	decellularization	protocol	that	prevents	this	loss.	
The	 loss	 of	 GAG,	 alterations	 of	 collagen	 and	 elastin	 and	 cell	 remnants	 all	 contribute	 to	 tissue	
calcification	[375].	Furthermore,	GAG	are	also	known	to	play	an	important	role	in	the	morphogenesis	









more	 brittle.	Mechanical	 changes	 can	 facilitate	 valve	 failure	 through	 direct	 tearing	 of	 tissue	 or	 by	












up	 of	 2-5	 years	 no	 clinical	 significant	 differences	 were	 noticed	 between	 the	 CryoValves	 and	
conventional	 pulmonary	 valves	 [380].	 The	 second	 group	 of	 Cebotari	 et	 al.,	 also	 with	 extensive	
experience	 in	decellularized	pulmonary	allografts	 [382-384],	recently	confirmed	their	earlier	results	
of	 reduced	 re-operation	 rates	 compared	 to	 cryopreserved	 and	 BHV,	 with	 a	 100%	 freedom	 of	
explantation	after	ten	years	[383].	In	addition,	this	is	the	first	group	that	also	investigated	the	clinical	
potential	 of	 decellularized	 aortic	 valves	 and	 demonstrated	 that,	with	 a	mean	 follow-up	 of	 2	 years	
(maximum	 7.6	 years),	 these	 aortic	 allografts	 can	withstand	 systemic	 circulation	 and	 appear	 as	 an	
alternative	to	conventional	grafts	in	young	patients	[384].		


























[389].	 Whether	 this	 benefit	 translates	 to	 greater	 valve	 longevity	 or	 better	 long-term	 function	
(currently	 10	 years	 for	 decellularized	 pulmonary	 valves	 [383])	 remains	 to	 be	 demonstrated.	
Nevertheless,	the	controversial	results	with	the	Matrix	P	impose	more	caution	in	the	application	of	
xenogeneic-tissue	scaffolds	in	humans	and	decellularized	xenografts	may	have	entered	the	clinic	too	





repopulation	 potential	 and	 that	 circulating	 host	 cells	 can	 invade	 and	 repopulate	 these	 tissue	
scaffolds,	which	led	to	the	second	hypothesis	of	in	vivo	growth	potential.		
Animal	 and	 clinical	 studies	 that	 investigated	 this	 in	 vivo	 repopulation	 potential	 are	 summarized	 in	
Table	S2	and	it	can	be	concluded	that	decellularized	tissues	have	an	 in	vivo	repopulation	potential,	
yet	this	is	a	slow	process.	The	 in	vivo	formation	of	a	complete	new	EC	monolayer	on	the	surface	of	
the	arterial	wall	and	valve	 leaflets	 takes	approximately	one	year	 (explants	 from	short	 repopulation	




As	 for	 the	 evidence	 of	 growth	 potential	 of	 unseeded	decellularized	 valves,	 to	 our	 knowledge	 only	
two	 studies	 have	 addressed	 this	 issue.	 The	 first	 study	 implanted	Matrix	 P	 valves	 (valve	 diameter	
17mm),	in	juvenile	sheep.	After	9-11	months	all	sheep	had	doubled	their	weight	and	valve	diameter	
increased	 to	 27.5mm	 [394].	 However,	 no	 comparison	 was	 made	 with	 conventional	 valve	
replacements	or	autografts.	 In	contrast,	a	second	more	recent	study	compared	the	performance	of	
decellularized	 aortic	 allografts	 with	 pulmonary	 autografts	 in	 the	 growing	 sheep	 model.	 After	 20	







With	 cautious	 it	 can	 be	 concluded	 that	 decellularized	 heart	 valves	 have	 the	 potential	 to	 grow,	
despite	their	incomplete	and	slow	repopulation	in	vivo.	However,	this	growth	is	still	remarkably	less	
when	 compared	 with	 autografts	 and	 more	 research	 and	 comparison	 between	 cryopreserved	
allografts,	decellularized	xeno/allografts	and	autografts	is	mandatory.		
Now	the	question	many	research	groups	are	trying	to	investigate	is	whether	prior	in	vitro	seeded	and	
completely	 repopulated	 TEHV	 can	 outperform	 these	 non-preseeded	 valves	 in	 terms	 of	 growth	
potential	 and	 potentially	 also	 longevity.	 It	 is	 also	 hypothesized	 that	 by	 complete	 repopulation	 of	
xenogeneic	 tissues,	 functionally	 ‘‘humanized’’	 xenogeneic	 valves	 can	 be	 developed,	 in	which	 an	 in	




Table	 S1	 shows	 that	 the	 last	 20	 years,	 researchers	 have	 been	 exploring	 different	 decellularization	








[397].	 Although	 these	 studies	 proved	 the	 feasibility	 of	 cell	 seeding,	 no	 migration	 (PER)	 or	 only	
uncomplete	(HVL)	repopulation	of	the	interstitium	was	noticed.	In	contrast,	we	have	demonstrated	
that	 it	 is	 possible	 to	 repopulate	HVL	 and	 the	 fibrosa	of	 PER	with	VIC	within	14	days,	which	 led	us	
believe	 that	 the	 decellularization	 process	 could	 play	 a	 role	 in	 the	 susceptibility	 of	 tissue	 to	 cell	
migration.	 Hof	 et	 al.	 recently	 showed	 that	 brief	 enzymatic	 digestion	 of	 decellularized	 HVL	 with	
trypsin	 positively	 influenced	 VIC	 migration	 [395].	 Trypsin	 is	 one	 of	 the	 agents	 used	 in	 our	
decellularization	 protocol	 and	 not	 part	 of	 the	 standard	 procedures	 in	 the	 other	 studies	 (SDS/SDC	
[395],	SDS+ENZ	[397],	Triton	X-100/SDC	[396]).		
MSC	have	shown	considerable	promise	for	HVTE	and	have	the	potential	to	serve	as	a	surrogate	cell	
source	 for	VIC	 in	 autologous	 clinical	 applications.	Previous	 studies	have	 shown	 that	 it	 is	 extremely	
difficult	 to	repopulate	decellularized	tissues	with	MSC,	 in	homotypic	as	well	as	heterotypic	seeding	















order	 to	 improve	 the	 porosity	 of	 scaffolds	 (e.g.	 acetic	 acid	 treatment	 [306]),	 or	 to	 improve	 cell	
adhesion	 (e.g.	RGD-peptide	modification	 [306],	 growth	 factors	 [103],	 fibronectin	 coating	 [105]).	 So	
far,	 only	 porcine	 decellularized	 pulmonary	 HVL,	 coated	 with	 fibronectin	 have	 shown	 complete	
repopulation,	after	seeding	porcine	BM-MSC	[105].		
In	 this	 research,	 ADSC	 and	 BM-MSC	were	 cultivated	 and	 seeded	 onto	 decellularized	HVL	 and	 PER	
with	 and	without	 the	 addition	 of	 AA.	 It	was	 hypothesized	 that	 AA	 could	 enhance	 remodeling	 and	
repopulation	of	decellularized	tissues.	AA	is	an	essential	nutrient	acting	as	an	anti-oxidant,	protecting	
against	 oxidative	 stress-induced	 cell	 damage	 [310-312].	 AA	 has	 also	 been	 reported	 to	 upregulate	
collagen	 I	and	 III	 in	human	dermal	 fibroblast	 [309],	and	to	stimulate	proliferation	of	MSC	[188].	As	
expected,	AA	 stimulated	Col	 I	 (but	only	 in	BM-MSC)	and	 to	a	 lesser	extent	Col	 III	 expression.	MSC	
cultivated	and	seeded	in	the	presence	of	AA	also	showed	greater	repopulation	potential	compared	
to	 standard	 cultured	MSC.	 Yet,	 this	was	more	 pronounced	 for	 BM-MSC	 and	 recolonization	 of	HVL	
appeared	to	be	more	efficient	than	PER	tissue.	
We	 want	 to	 acknowledge	 that	 the	 exact	 mechanism	 by	 which	 AA	 stimulated	 MSC	 migration	 in	
decellularized	HVL/PER	remains	unknown.	One	possible	theory	is	that	seeded	MSC	are	susceptible	to	
increased	oxidative	 stress.	By	preventing	oxidative	 induced	 cell	 death,	more	MSC	were	allowed	 to	
attach	which	 indirectly	 resulted	 in	more	migration.	 Another	 possible	 theory	 is	 that	 AA	 stimulated	
MSC	 towards	 another,	 potentially	more	migratory,	 cell	 type.	 This	 differentiation	 could	 explain	 the	
increased	α-SMA	expression,	which	 is	normally	 largely	 restricted	to	SMC,	pericytes	and	MFb	[313].	
Also	aVIC	express	α-SMA	and	are	known	 to	 stimulate	 cellular	 repair	processes	 in	 the	heart	 valves,	
including	proliferation,	migration,	and	matrix	remodeling	[14].		
In	 the	 second	 stage,	 porcine	 VEC	 were	 used	 to	 generate	 a	 newly	 formed	 endothelium	 by	
subsequently	seeding	VEC	onto	both	sides	of	the	tissue.	It	should	be	noted	that	re-endothelization	of	
decellularized	 tissues	 has	 already	 been	 demonstrated	 for	 porcine	 [98,	 292],	 ovine	 [399-401]	 and	
human	[402,	403]	pulmonary	and	aortic	valves	in	other	homotypic	as	well	as	in	heterotypic	seeding	














X-100+ENZ+TRYP	 was	more	 effective	 than	 with	 SDC	 and	 resulted	 in	 cell	 free	 HVL	 as	 well	 as	 PER.	












supposedly	 acellular	matrices.	 For	 this	 reason,	we	 believe	 that	 preclinical	 evaluation	 in	Old	World	
monkeys,	a	discordant	xenotransplantation	model,	 is	mandatory	to	verify	effective	biocompatibility	
of	the	Triton	X-100	decellularized	porcine	tissues.	
Although	 it	was	 shown	 that	HVL	 can	 be	 repopulated	with	VIC/BM-MSC	 and	 cells	were	 distributed	
throughout	all	the	three	layers,	quantification	of	the	amount	of	cells	in	repopulated	tissues	would	be	
desirable.	Preliminary	quantification	has	shown	that	 the	cell	density	 in	 repopulated	HVL	 is	close	to	
native	 cell	 density	 when	 HVL	 were	 repopulated	 with	 VIC	 (77.39%;	 SD:6.5),	 and	 53.26%	 (SD:4.43)	
when	 BM-MSC	were	 used.	 It	 can	 be	 interesting	 to	 investigate	 if	 increasing	 the	 initial	 cell	 seeding	
density	to	>1*106	/cm2	can	positively	influence	cell	repopulation	density.			
There	 are	 also	 some	 aspects	 of	 BM-MSC/VIC	 reseeded	 HVL	 that	 can	 be	 further	 investigated	 to	
demonstrate	the	suitability	of	these	cells.	First,	it	can	be	interesting	to	investigate	the	cell	phenotype	




































step-wise	 approach	 was	 followed.	 The	 first	 step	 explored	 the	 possibility	 of	 generating	 micro-scale	 building	





The	 first	 focus	 of	 Part	 B	 (Chapter	 3B,	 Section	 I)	was	 the	 generation	 of	micro-scale	 tissue	 building	
blocks	(micro-aggregates/microtissues)	from	VIC,	with	the	long-term	goal	of	using	3D	bioprinting	for	
the	directed	assembling	of	 these	valvular	microtissues	 into	a	 larger-scale	valvular	macrotissue	 [99,	
100].	With	this	in	mind	it	was	important	to	use	a	technique	that	rapidly	generated	a	large	number	of	
uniform	microtissues	 (Ø	 <200µm)	 that	 do	 not	 obstruct	 and	 can	 easily	 pass	 through	 the	 printhead	







been	 successfully	 used	 by	 other	 groups	 for	 the	 generation	 of	 homotypic	 and	 complex	 heterotypic	
micro-aggregates	 [171,	 352,	 404]	 and	 in	 our	 lab	 for	 the	 generation	 of	 hepatocyte	 [324]	 and	
fibrochondrocyte	 [405]	micro-aggregates.	 Yet,	 this	 is	 the	 first	 time	 that	 non-adhesive,	 solid	micro-
aggregates	were	generated	from	VIC.		
Before	 micro-aggregates	 can	 be	 generated,	 VIC	 need	 to	 be	 largely	 expanded.	 One	 of	 the	 main	

















transitional	 modulus	 between	 the	 quiescent	 and	 activated	 state	 in	 monolayer	 cultured	 VIC	 is	
approximately	 ≥15kPa	 [406].	 Because	 3D	 microtissues	 more	 closely	 resemble	 the	 actual	 in	 vivo	
microenvironment,	 it	 was	 hypothesized	 that	 VIC	 in	 these	 microtissues	 could	 regain	 their	 native,	
fibroblast-like	quiescent	phenotype	while	promoting	VIC-mediated	ECM	production.		
Unfortunately,	when	microtissues	were	formed	and	cultivated	 in	standard	culture	medium,	a	rapid	
degeneration	 and	 calcification	 of	 the	 microtissues	 occurred.	 The	 in	 vitro	 calcification	 and	 nodule	
formation	of	VIC	has	 already	been	 shown	 in	 2D	high	density	monolayer	 cultures.	When	VIC	 reach	
confluency	they	spontaneously	form	multicellular	non-size	controllable	aggregates	that	subsequently	
develop	 into	calcified	nodules	 [408].	The	events	 initiating	 this	process	are	 still	 not	 clear.	 Increased	
cell	proliferation,	migration,	activation,	 cell	 stress,	 apoptosis,	 and	 substrate	modulus	have	all	been	
attributed	to	causing	nodule	formation	in	2D	cultures,	but	no	consensus	has	been	reached	[329,	408,	
409].	 In	 this	 research	 it	 was	 hypothesized	 that	 oxidative	 stress	 could	 be	 involved	 in	 the	 in	 vitro	





aggregation	 started.	 AA	 has	 an	 anti-oxidant	 function	 and	 was	 presumed	 to	 reduce	 or	 inhibit	 the	
calcification	of	microtissues.	Moreover,	AA	was	also	expected	 to	 stimulate	ECM	production	of	VIC,	
which	 could	 be	 favorable	 for	 microtissue	 formation.	 As	 hypothesized,	 adding	 AA	 resulted	 in	 the	
































been	 evaluating	 PEG-,	 HA-,	 and	 gelatin	 hydrogels	 as	 encapsulation	 material	 for	 VIC.	 Although	 all	
these	gels	have	been	shown	to	be	cell	compatible,	so	far	the	group	of	Butcher	et	al.	is	the	only	one	
that	has	already	applied	these	hydrogels	for	HV	bioprinting	purposes	[231,	232,	234].		
Because	 our	 research	 group	 has	 experience	with	 the	 bioprinting	 of	 gelatin	 hydrogels,	 which	 have	
already	been	successfully	used	for	the	bioprinting	of	HepG2	cell-	and	primary	hepatocyte	aggregate-
laden	 scaffolds	 [324,	 355],	 it	was	 assumed	 that	 gelatin	 could	be	 a	 suitable	bio-ink	 for	 the	 valvular	
microtissues	as	well.		
Due	 to	 the	 thermo-reversible	 characteristics	of	gelatin,	 chemical	 covalent	 crosslinking	 is	needed	 in	
order	to	form	solid	and	stable	gel-constructs	 [226,	233].	For	this	reason,	gelatin	was	modified	with	
methacrylate	groups	(Gel-MOD)	which	can	be	crosslinked	with	UV	irradiation	in	the	presence	of	a	PI,	
such	 as	 Irgacure	 2959	 or	 VA-086.	 Irgacure	 has	 been	 largely	 used	 in	 tissue	 engineering	 and	 is	
considered	as	the	golden	standard	for	Gel-MOD	crosslinking	[254,	358].	Irgacure,	in	its	native	state,	is	
non-cytotoxic.	However,	the	photogenerated	radical	form	of	Irgacure	can	decrease	cell	viability	and	
the	 optimal	 concentration	 of	 Irgacure	 to	 rapidly	 and	 efficiently	 crosslink	 the	 gels	 within	 a	 short	
irradiation	time	is	absolutely	essential	to	minimize	the	effect	of	the	radical	agents	on	the	cells	[354,	
















To	 investigate	 the	 impact	 of	 Gel-MOD	 on	 valvular	 microtissues,	 in	 the	 second	 section	 of	 Part	 B	
(Chapter	 3B,	 Section	 II),	 VIC	 aggregates	 were	 encapsulated	 in	 10	 or	 20	 w/v%	 Gel-MOD	 and	




Solid	 crosslinked	 hydrogel	 constructs	 were	 generated	 and	 gel	 fraction	 analysis	 showed	 that	 85.5-
87.3%	(10-20	w/v%	VA-crosslinked	gels)	or	90.5-97.5%	(10-20	w/v%	Irg-crosslinked	gels)	of	the	Gel-
MOD	 was	 incorporated	 into	 the	 3D	 network.	 Unfortunately,	 during	 the	 follow-up	 of	 the	
encapsulated	microtissues,	early	disintegration	of	VA-crosslinked	gels	was	noticed	(around	day	7	or	
14,	 for	10	or	20	w/v%	gels	respectively),	while	 Irg-crosslinked	gels	were	stable	for	at	 least	14	days.	
This	was	unexpected	since	the	concentration	of	20	mol%	VA	has	previously	been	shown	to	efficiently	
crosslink	3D	bioprinted	cell-laden	gel-MOD	constructs	which	were	stable	up	to	14	days	[255].		








Stiffness	 of	 the	 different	 hydrogels	was	 determined	 and	 it	was	 shown	 that	 10	w/v%	 gels	 and	 VA-
crosslinked	 gels	were	 softer	 (lower	 compressive	moduli)	 compared	 to	 20	w/v%	 gels	 and	 Irgacure-
crosslinked	 gels	 (higher	 compressive	moduli).	 Based	on	 the	 fact	 that	 stiffer	 hydrogels	 have	denser	
networks	and	can	delay	 the	cell	 spreading	process	 [353,	354],	 it	was	hypothesized	 that	 softer	gels	
could	enhance	proliferation	of	VIC	in	microtissues	and	could	be	more	favorable	for	VIC	migration	into	
the	gel.	
As	 expected,	 there	 were	 only	 a	 limited	 number	 of	 Ki67+	 cells	 found	 at	 the	 outer	 edges	 of	 the	
microtissues	 and	 the	 amount	 of	 these	 proliferative	 cells	 decreased	 over-time	 and	with	 increasing	
stiffness	 of	 the	 gels.	 In	 addition,	 migration	 of	 VIC	 from	 microtissues	 into	 the	 gel	 was	 most	







in	 pore	 size	 and	 interconnectivity	 by	 decreasing	 gel-MOD	 concentration	 [353]	 and	 larger,	 but	














produce	 valve	 related	 ECM	components	while	 remaining	 in	 a	 quiescent	 state.	Yet	 it	was	 expected	
that	 the	bio-ink	 itself	 and	especially	 gel	 stiffness	 could	possibly	 interfere	or	 induce	 changes	 in	 cell	
phenotype	and	ECM	production.	
It	is	important	to	note	that	in	contrast	to	2D	cultured	VIC	which	are	activated	on	stiff	substrates	(see:	




(0.24	 to	 13	 kPa)	 can	 reduce	 the	 activation	 level	 of	 the	 encapsulated	 VIC	 [222].	 The	 reported	
fibroblast-myofibroblast	transitional	modulus	in	3D	cultured	encapsulated	VIC	is	4.80–9.60	kPa	[406]	
or	 ~7	 kPa	 [241]	 and	 takes	 place	 in	 the	 reverse	 direction	 compared	 to	 2D	 cultured	 VIC.	 	 Also,	 this	
phenotype	transition	is	somewhat	unexpected	since	softer	gels	more	reflect	the	 in	vivo	mechanical	
properties	 of	 the	 native	 leaflets	 (±0.25-13.02	 kPa	 [11,	 12]),	 yet	 other	 biophysical	 signals	 including	
nanotopography,	 degradation	 mediated	 cellular	 traction,	 cellular	 attachment	 and	 spreading,	
anchoring	 of	matrix	 fibers,	 and	hydrogel	 type	 should	 also	 be	 considered	 as	 contributing	 factors	 in	
directing	cell	fate	and	should	be	further	investigated.		
In	this	research	we	have	shown	that	the	Gel-MOD	encapsulated	valvular	microtissues	were	still	able	















addition,	 remodeling	 capacity	 and	 as	 expected	 also	 low	 α-SMA	 expression	 (~qVIC)	was	 evidenced	
when	 encapsulated	 in	 Irgacure-crosslinked	 hydrogels	 (106.6kPa).	 However,	 some	 differences	were	
noticed	between	encapsulated	and	non-encapsulated	microtissues.	First,	encapsulated	microtissues	
showed	 lower	 MMP-1/2/3/9	 and	 TIMP-1	 mRNA	 expression	 levels,	 indicating	 lower	 remodeling	
capacity.	Secondly,	more	GAG	production	and	elevated	mRNA	expression	levels	of	HA,	biglycan	and	
decorin	were	noticed,	while	the	expression	or	production	of	the	other	investigated	ECM	components	




that	 VIC	 did	 differentiate	 towards	 a	 chondrocyte	 phenotype,	 since	 mature	 chondrocyte	 specific	
collagen	 type	 II	mRNA	was	not	 expressed	 [414]	 and	 further	 research	 is	 necessary	 to	 elucidate	 the	
role	of	Sox9	in	encapsulated	microtissues.		
We	 have	 demonstrated	 that	 by	 encapsulating	 microtissues,	 changes	 in	 ECM	 formation	 and	 gene	
expression	can	be	induced.	Although	only	a	limited	amount	of	histological	stainings	were	performed	
and	 mRNA	 expression	 was	 only	 analyzed	 on	 microtissues	 encapsulated	 in	 the	 stiffest	 Irgacure-








We	 have	 successfully	 applied	 a	 completely	 cell	 driven	 3D	 approach	 that	 generated	 high-quality	
valvular	 microtissues	 (Ø	 150µm)	 which	 resembled	 the	 native	 valve	 composition	 and	 contained	
native-like	quiescent	VIC	that	were	able	to	produce	and	to	remodel	the	ECM.		











It	 is	 hypothesized	 that	 oxidative	 stress-induced	 cell	 death	 leads	 to	 the	 spontaneous	 dystrophic	
calcification	of	microtissues,	since	calcification	can	be	prevented	by	the	addition	of	the	anti-oxidant	
AA.	However,	more	evidence	 is	needed	 (e.g.	determination	of	ROS	production/inhibition)	before	 it	
can	be	stated	that	oxidative	stress	is	indeed	the	driving	factor	behind	the	initiation	and	progression	
of	this	in	vitro	calcification.			








As	already	extensively	discussed	 in	 the	general	 introduction/discussion	 there	 is	a	need	 for	a	viable	
bio-active	 TEHV,	 that	 has	 growth,	 remodeling	 and	 regeneration	 capacity,	 is	 readily	 (off-the-shelf)	
available	 and	 is	 compatible	 with	 minimally	 invasive	 valve	 surgery	 since	 this	 may	 confer	 better	
outcomes	than	standard	sternotomy	[415,	416].	
The	TD-TE	approach	applied	in	this	thesis	used	biological	tissues	as	a	starting	point	for	the	generation	
of	 completely	 cell	 free	 xenogeneic	 tissues.	 Decellularized	 tissues	 can	 be	 used	 to	 fabricate	 both	
conventional	as	well	as	minimally	invasive	valve	replacement	[416].	The	discussed	literature	indicates	
that	 decellularization	 of	 allografts	 prior	 to	 implantation	 one	 day	 will	 become	 the	 standard	
pretreatment	 of	 allografts.	 However,	 we	 are	 not	 yet	 convinced	 that	 decellularized	 xenografts,	
regardless	their	off-the-shelf	potential,	will	ever	replace	or	outperform	the	conventional	crosslinked	
porcine	BHV	and	much	more	research	should	be	performed	regarding	xeno-compatibility.		
Currently	 there	 is	an	ongoing	debate	whether	or	not	 these	 tissues	need	 to	be	pre-seeded	prior	 to	
implantation	 and	 the	 questions	 still	 remain	 whether	 bio-active	 allografts	 could	 outperform	 the	
decellularized	 stand-alone	 allograft	 valves,	 whether	 ‘humanized’	 xenografts	 could	 overcome	 the	
current	problems	of	the	stand-alone	xenogeneic	BHV	but	most	important,	especially	for	the	pediatric	
population,	 whether	 these	 TEHV	 will	 indeed	 have	 growth	 capacity.	 If	 ‘humanizing’	 xenogeneic	
scaffolds	would	appear	not	to	be	possible,	then	researchers	should	take	a	step	back	and	more	efforts	



















Yet	 the	 presented	 experimental	 work	 seems	 promising.	 Cells	 were	 distributed	 throughout	 all	 the	
layers	 of	 HVL	 and	 cell	 density	 reached	 almost	 native	 levels	 when	 VIC	 were	 used	 and	 satisfactory	
levels	 with	 BM-MSC.	 Although	 we	 acknowledge	 that	 there	 is	 still	 room	 for	 improvement,	 future	
efforts	 should	now	be	made	 to	extrapolate	 the	proof-of-concept	 seeding	of	heart	 valve	 leaflets	 to	
complete	heart	valves,	so	that	the	above	mentioned	questions	can	finally	be	answered.	However,	it	




intensive,	 cell-based	manufacturing,	 which	 increases	 cost	 and	 hinders	 clinical	 translation,	 other	 in	
situ	 tissue	 engineering	 approaches	 have	 emerged	 that	 aim	 to	 develop	 automated	 approaches	 for	
rapidly	producing	biomimetic	heart	valve	scaffolds	that	elicit	endogenous	tissue	remodeling,	 repair	
and	potentially	also	growth	(e.g.	JetValves	[417],	dTEHV	[159,	418,	419],	etc.).	Some	of	these	valves	
have	 already	 been	 implanted	 in	 sheep	 [419]	 and	 the	 non-human	 primate	model	 [159,	 418]	 using	
minimally	 invasive	 techniques.	 Although	 the	 first	 results	 seem	 promising,	 they	 have	 yet	 to	 be	
replicated	in	humans.		
The	 completely	 cell	 driven	BU-TE	approach	applied	 in	 this	 thesis,	 resulted	 in	 the	 formation	of	bio-
active	 quiescent	 valvular	 microtissues	 that	 can	 be	 encapsulated	 in	 a	 gelatin	 hydrogel	 and	 will	
ultimately	 be	 printed	 into	 larger	 valvular	 macrotissues	 with	 predefined	 shapes	 (ideally	 into	
hemodynamically	 competent	 viable	 valves	 upon	 implantation).	 Although	 bioprinting	 is	 not	 new	 in	
the	 domain	 of	 HVTE,	 and	 efforts	 are	 already	 being	made	 to	 bioprint	 anatomically	 accurate	 viable	
valves,	the	approach	of	using	microtissues	instead	of	single	cells	is.	In	addition,	in	this	approach	the	













not	 offer	 an	 ‘off-the-shelf’	 valve	 replacement,	 since	 this	 approach	 also	 requires	 the	 utilization	 of	
autologous	(stem)	cells.	However,	the	in	vitro	generation	of	an	autologous	viable	heart	valve	that	is	
made	 from	 scratch,	 is	 readily	 available	 for	 transplantation	 without	 the	 presence	 of	 any	 scaffold	
material	 so	 that	 it	 does	 not	 rely	 on	 scaffold	 recolonization	 or	 scaffold	 degradation,	 could	 be	 a	
tremendous	asset.	
We	also	want	to	highlight	that	this	is	the	first	time	that	3D	valvular	microtissues	were	generated	and	
that	 they	 could	 potentially	 not	 only	 be	 used	 for	modular	 engineering,	 but	might	 also	 offer	 a	 new	
platform	to	provide	insights	into	valve	(patho)biology.	Almost	all	studies	(mainly	calcification	studies)	
are	 currently	 performed,	 starting	 from	 2D	 monolayer	 cultured	 highly	 α-SMA	 positive	 cells	 and	 a	
relevant	 native-like	 3D	 model	 for	 toxicological/disease	 studies	 is	 still	 lacking.	 Findings	 from	 a	 3D	
model	that	more	accurately	reflect	the	native	heart	valve	are	more	likely	to	translate	into	improved	
clinical	outcomes.	
Overall	 we	 believe	 that	 TD-HVTE	 with	 biological	 tissues	 as	 a	 starting	 point,	 has	 made	 a	 lot	 of	
progression	in	developing	better	alternative	HV	substitutes.	We	are	also	slowly	making	progression	
towards	 a	 completely	 repopulated,	 bio-active	 TEHV,	 but	we	 are	 definitely	 not	 there	 yet.	 Although	
alternatives	for	the	adult	population	have	emerged,	we	are	still	far	away	from	developing	an	optimal	
bio-active	TEHV	with	growth	capacity,	 for	 the	pediatric	population,	 and	other	more	 “off-the-shelf”	





vitro	 biofabricated	 heart	 valve	 could	 definitely	 be	 worth	 the	 cost.	 This	 technology	 could	 have	
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• Increasing	 gel	 stiffness	 resulted	 in	 upregulation	 of	 α-SMA	 and	 downregulation	 of	 vim	 in	 activation	 media	 as	 well	 as	 in	
osteogenic	media	(significant	in	3kPa	gels)	
• Runx2	 and	 OCN	 detected	 only	 in	 VIC	 in	 osteogenic	 media	 and	 increased	 with	 increasing	 stiffness;	 VIC	 in	 1kPa	 hydrogels	

















• CM	 correlated	 with	 crosslinking	 duration;	 the	 stiffness	 of	 acellular	 hybrid	 hydrogels	 increased	 from	 ±1.33kPa	 (1m)	 to	 ±	
3.33kPa	(5m)	
• Stiffness	of	VIC-laden	gels	(5m	crosslinking)	decreased	at	d1;	after	21d	VIC-laden	gels	in	control	media	maintained	stiffness,	
while	 VIC-laden	 gels	 in	 activation	 and	 osteogenic	 medium	 increased	 stiffness;	 gels	 in	 osteogenic	 media	 had	 the	 highest	
stiffness	






























































































































































































































• AA	 increased	 cell	 spreading	 by	 ±18%,	MMP-2	 production	 by	 40%,	 and	 cell	 proliferation	 (amount	 of	 cells)	 by	 ±76%	 at	 d28	
(compared	to	±33%	-AA)	

































































































































































































































































































































































=	absorbance;	GAG	=	glycosaminoglycans;	Col	 	 =	 collagen;	OHA	=	oxidized	hyaluronic	acid;	Q	=	 swelling	 ratio;	 Irg	=	 Irgacure	2959;	MW	=	molecular	weight;	PI	 =	photoinitiator;	BM-MSC	=	bone	marrow	derived	
mesenchymal	stem	cells;	ADSC	=	adipose	derived	mesenchymal	stem	cells;	MMP	=	matrix	metalloproteinase;	PEG	=	polyethylene	glycol;	Hep	=	heparin;	PEGDA:	polyethylene	glycol	diacrylate;	PEGnb	=	polyethylene	








































































































































a	 novel	 detergent-based	 method	 for	 decellularization	 of	 peripheral	




gelatin	 on	 valvular	 microtissues	 (Submitted:	 Journal	 of	 Tissue	
Engineering	and	Regenerative	Medicine,	June	2017)	
	
3.	 Roosens	 A,	 Asadian	 M,	 De	 Geyter	 N,	 Somers	 P,	 Cornelissen	 R.	
Complete	 static	 repopulation	 of	 decellularized	 porcine	 tissues	 for	
heart	 valve	 engineering	 –	 an	 in	 vitro	 study.	 (In	 press:	 Cells	 Tissues	
Organs)	
	
4.	 Roosens	 A,	 Puype	 I,	 Cornelissen	 R.	 Scaffold-free	 high	 throughput	
generation	 of	 quiescent	 valvular	 microtissues.	 Journal	 of	 molecular	
and	cellular	cardiology.	2017;106:45-54.	
	





























































































































neerpennen	 in	dit	 boekje.	Aangezien	ervaring	 leert	dat	dit	 de	meest	 gelezen	pagina’s	 zijn	 van	een	
thesis	 alvorens	 die	 bij	 velen	 in	 een	 boekenkast	 verdwijnt,	 heb	 ik	 er	 dan	 ook	 met	 veel	 plezier	
uitgebreid	mijn	tijd	voor	genomen.		
Allereerst	had	ik	graag	mijn	promotor	en	co-promotor	bedankt:			




voorstelde	 om	 mijn	 doctoraat	 nog	 zowel	 af	 te	 ronden,	 als	 te	 verdedigen	 binnen	 het	 huidige	






















Op	 de	 vraag	 die	me	 vroeger	 veel	 gesteld	 is:	 “Wat	wil	 jij	 later	worden?”,	 zijn	 vele	 antwoorden	 de	





middelbaar	 aanbelandde	 stond	 de	 keuze	 min	 of	 meer	 vast:	 regentaat	 wiskunde-fysica.	 Weinigen	
onder	 jullie	 weten	 dit,	 maar	 het	 was	 op	 aanraden	 van	 Meneer	 Detremerie,	 mijn	 toenmalige	








mijn	eerste	 jaar	 zo	goed	als	 te	dubbelen.	Maar	verstand	 -en	 in	mijn	geval	discipline-	 komt	met	de	
jaren!	Na	de	bachelor	succesvol	afgerond	te	hebben,	koos	ik	resoluut	en	met	volle	overtuiging	voor	
de	Major	Degeneratie	 en	 Regeneratie.	Wat	 ik	 niet	 in	 de	 hand	 had,	was	 het	 onderwerp	 voor	 onze	
masterthesis.	 Door	 complete	willekeur	 kwam	 ik	 terecht	 in	 het	 labo	 van	prof.	 dr.	 Vandekerckhove	
onder	de	begeleiding	van	dr.	Katrien	De	Mulder.	Het	bovenstaande	citaat	is	dan	ook	eentje	met	een	
dikke	 knipoog	 naar	 haar.	 Zonder	 Katrien	 had	 ik	 nooit	 gestaan	waar	 ik	 nu	 sta.	 Bedankt	 om	me	 de	
passie	voor	het	wetenschappelijk	onderzoek	bij	 te	brengen,	om	me	te	 introduceren	 in	de	wondere	
wereld	 van	de	 celcultuur	 en	moleculaire	 biologie,	 om	me	de	 kneepjes	 van	het	 vak	 bij	 te	 brengen,	






van	 een	 nieuw	 BOF	 project	 dit	 jaar	 zoek	 ik	 een	 geschikte	 doctoraatsstudent	 (cardiale	 tissue	
engineering)”.	 Datzelfde	 weekend	 gingen	 mijn	 CV	 en	 motivatiebrief	 nog	 de	 deur	 uit	 en	 na	 een	
aangenaam	gesprek	met	prof.	dr.	Cornelissen	en	dr.	Somers	werd	ik	weerhouden	voor	de	positie.	Zo	
kwam	 ik	 in	 oktober	 terecht	 op	 de	 Dienst	 Histologie,	 een	 dienst	 waar	 ik	 met	 open	 armen	 ben	
verwelkomd	(behalve	de	ochtend	van	mijn	allereerste	werkdag	toen	ik,	nog	voor	ik	iets	kon	zeggen,	














uurtjes	 gewoon	 bezig	 te	 houden	met	 gekwebbel	 (al	moet	 ik	 daarvoor	 eerder	met	 de	 vinger	 naar	
mezelf	wijzen),	om	samen	nieuwe	studies	te	bedenken	of	om	me	te	helpen	bij	de	interpretatie	van	



















van	 mijn	 preparaatjes	 met	 de	 virtuele	 microscoop.	 Chris,	 jij	 hebt	 ons	 team	 pas	 het	 laatste	 jaar	
vervoegd	 maar	 het	 voelt	 aan	 alsof	 je	 al	 veel	 langer	 deel	 uitmaakt	 van	 onze	 onderzoeksgroep.	
Bedankt	 voor	 die	 dagelijkse	 glimlach,	 de	 oprechte	 interesse	 en	 de	 uitgevoerde	 mechanische	
analyses!		
De	 post-docs:	 Julie	 en	 Heidi.	 Julie,	 jij	 hebt	 er	 heel	 recent	 voor	 gekozen	 om	 full-time	 voor	 het	
onderwijs	te	kiezen	en	de	onderzoeksgroep	te	verlaten.	Toch	heb	ik	de	kans	gekregen	om	je	beter	te	
leren	 kennen.	 Zo	 goed	 zelfs	 dat	 je	me	 je	 drie	 schatjes	 van	patatjes	 toevertrouwt.	Het	 is	 een	waar	
genoegen	om	al	vier	jaar	deel	uit	te	maken	van	jouw	en	hun	leven	en	hen	te	zien	groot	worden.	Top-












had	niemand	van	 jullie	nog	veel	woorden	nodig	om	te	weten	dat	 ik	elke	middag	 ‘the	usual’	 kwam	
halen.	Bedankt	voor	de	vele	korte	babbeltjes,	ook	bedankt	om	mijn	salade	vaak	spontaan	te	verrijken	










De	afgelopen	 jaren	heb	 ik	me	ook	door	heel	wat	studenten	 laten	 inspireren.	11	studenten	 (Maïté,	
Joke	&	 Ilia,	Thomas	&	Camille,	Arne	&	Lotte	&	Arthur,	Maarten,	 en	mijn	 laatste	 twee	 toppertjes:	











Een	 universitair	 team	 is	 een	 dynamisch	 team.	 Er	 zijn	 dan	 ook	 enkele	 mensen	 die	 ik	 graag	 wil	






















merci	 om	 er	 steeds	 onvoorwaardelijk	 te	 zijn,	 om	mijn	 gedachten	 te	 verzetten	wanneer	 dat	 nodig	
was,	om	me	te	helpen	met	de	voorbereidingen	van	de	receptie	of	de	lay-out	van	dit	proefschrift,	om	









tonen	 in	mijn	 onderzoek	 (ondanks	 dat	 jullie	 er	waarschijnlijk	 vaak	 geen	 jota	 van	 verstonden),	 om	
huishoudelijke	 taken	 van	 mij	 over	 te	 nemen	 op	 de	 drukke	 momenten	 (de	 was	 en	 strijk,	
boodschappen…),	 om	 af	 en	 toe	 mijn	 diepvries	 te	 komen	 vullen	 met	 huisbereide	 maaltijden,	 om	
deeltjes	van	dit	proefschrift	na	te	lezen,	om	de	receptie	mee	te	helpen	organiseren,	maar	simpelweg	
ook	om	er	 gewoon	 te	 zijn!	 Ik	heb	het	misschien	 soms	 te	weinig	benadrukt	maar	weet	dat	dit	 een	
enorme	 hulp	 was!	 Van	Opa	 &	 Oma	 hebben	 we	 helaas	 in	 de	 afgelopen	 periode	 afscheid	 moeten	
nemen,	maar	 ik	weet	dat	ze	heel	trots	zouden	zijn.	We	mochten	dan	weer	wel	twee	nieuwe	kleine	

















The future belongs to those who believe 
in the beauty of their dreams 
~ Eleanor Roosevelt (°1884 - †1962)	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	
	
	
 
 
	
